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OVERVIEW 

BASIC ELECTRICITY AND ELECTRONICS 
MODULE 33 

Soecial Devices 



In this module you will learn about special devices used in electronics. The 
delay lines of lesson 1 and dunnmy loads of lesson 2 are not semiconductor devices 
but have been a part of the electronics field for some time. 

The specialized devices of lessons 3 and 4 are of two types. The first type of 
device* covered in lesson 3, is taken from the field of optoelectronics. Opto- 
electronics deals with devices having an electronic input and using light energy 
to perform some function. The optoelectronic devices are similar to other less 
specialized devices. Examples of these devices are light-emitting diodes* photo- 
diodes, phototransi stors » etc. All of the special devices you will study in this 
module were designed to fill some particular need of modern electronics but all 
are relatively simple and easy to learn. 

The second type' of specialized device is the special-purpose semiconductor. Three 
of these will be studied. Each offers an improvement over the transistors and 
diodes you are familar with and yet is similar in operation. The varactor diode 
and the triac are covered in lesson 3 and the field-effect translator in lesson 4. 

This module has been divided into four lessons; 

Lesson 1 Delay Lines 

Lesson 2 Durmy Loads 

Lesson 3 Special Solid State Devices 

Lesson 4 Field-Effect Transistors 

Do not be concerned at this time with names of terms unfamiliar to you. Each 
will become clear as you proceed. However, if you have any questions, do not 
hesitate to call upon your Learning Center Instructor. 
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OVERVIEW 
LESSON 1 

Delay Lines 



In this lesson you will leam about a special device called a delay line/ You 
will beccire familiar with the operating characteristics of two general types 
of delay lines» and with the kinds of delay lines available in each type. You 
will leam the differences between the delay I1nes» and the situations in which 
they can be used. 

The learning objectives of this lesson are as follows; 
TERMINAL OBJECTIVE(S) ; 

33*1*61 When the student completes this lesson (s)he will be able to 

IDENTIFY the purpose* function and operational characteristics of 
electromechanical and electromagnetic delay lines by selecting 
statements from a choice of four, 100% accuracy is required. 

ENABLING OBJECTIVES: 

When the student completes this lesson (s)he will be able to; 

33*1*61*1 IDENTIFY the purpose of delay lines by selecting the correct state- 
went from a choice of four* 100% accuracy is required. 

33*1*61*2 IDENTIFY the general principle by which time delay 1s accomplished 
in an electromechanical delay line by selecting the correct state- 
ment from a choice of four* 100% accuracy is required. 

33*1,61.3 IDENTIFY the operating methods and characteristics of specific 
electromechanical delay line devices by selecting the correct 
statement from a choice of four* 100% accuracy is required- 

33.1,61*4 IDENTIFY the general principle by which time delay is accomplished 
in an electromagnetic dele^y line by selecting the correct state- 
ment from a choice of four* 100% accuracy is required. 

33*1*61*5 IDENTIFY the operating methods and characteristics of specific 

electromagnetic delay line devices by selecting the correct state- 
ment from a choice of four. 100% accuracy |^is required-. 

33.1*61*6 IDENTIFY the relationship between impedance matching and the 

operating characteristics of a delay line by selecting the correct 
statement from a choice of four* 100% accuracy is required. 



BEFORE YOU START THIS LESSON. READ THE LESSON LEARNING OBJECTIVES AND PREVIEW 
THE LIST OF STUDY RESOURCES ON THE NE>T PAGE, 
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LIST OF STUDY RESOURCES 
LESSON 1 

i)e]dy L ifres 

To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the followins 
study resources: 

Written Lesson presentation in: 

Module Booklet : 

Summa ry 

Programmed Instruction 
Narrative 

Student* s Guide 
Summary 

Progress Check 
Additional Material(s): 



Enrichment Material(s): 

Electronics Install ati on and Maintenance Book fEIHB){Test Methods and 
Practices), NAVSHIPS O967'O0O'O120 



YOU MAY USE ATJY. OR ALL. RESOURCES LISTED ABOVE. AND ALSO THE LEARNING 
CENTER INSTRUCTOR, HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY- 
REQUIRED TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT 
ANY TIME. 

|5 
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SUMMARY 
LESSON 1 

Delay Lines 



Many electronic equipments ^$e delay lines to trigger some circuits at later 
times than others* Most delay lines are divided into two categories: 
electromechanical and electromagnetic. 

Electromechanical delay lines convert electrical input signals into mechanic 
ca] motion (ultrasonic energy)^ transfer this energy as motion through some 
Physical medium^ and reconvert it to electrical output signals* The time 
delay depends on the medium used {such as mercury^ a steel spring^ quartz 
crystal) and the length of the delay line* 

Figure 1 shows the signal characteristics for electromechanical delay lines. 




Figure I 

ILLUSTRATION OF ELECTROMECHANICAL TIME DELAY 



The output signal is a delayed^ non-distorted» and attenuated copy of the 
input signal . 
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One type of electromechanical delay line is made up of a column of mercury 
with a slab of quartz crystal at each end as shown in Figure 2. 
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Figure 2 

ELECTROMECHANICAL MERCURY DELAY LINE 



The mercury delay line uses the piezoelectric effect of the quartz crystals 
to convert electrical energy into mechanical energy, and reconvert mechanical 
energy back into electrical energy. 

Elertromagnetic delay lines are devices wtiich function through the action 
of charging and discharging capacitance, and expanding and collapsing 
inductive, or magnetic, fields. Standard coaxial cable (coax), as shown in 
Figure 3, may be used as a electromagnetic delay line. 
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Figure 3 
STANDARD COAXIALCASLE 

The time delay in coaxial cable is directly proportional to cable length. 
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Spiral-wound coaxial cable^ as shown in Figure 4^. produces a time delay 
which is about 14 times greater than that of standard coax» because of the 
coiled center conductor* 
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Figure 4 
SPIRAL COAX DELAY LIKE 



Spiral-wound coax is more commonly used because of its space-saving feature. 

The lumped constant delay line^ as shown in Figure 5^ is used to produce 
very long delays when cornponent size must be minimized* This type of line 
uses real capacitors and inductors to produce the delay. 



NETWORK PULSE DELAY 
5915-00-575-0352 
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Figu^re 5 
LUMPED CONSTANT DECAY LINE 



This type of delay ]ine can be manufactured to provide exact time delays of 
relatively long duration in a very small package size. 

io 
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Waveguides must be used as a delay line when the frequency of the input 
signal rGacfil?s^tt}G microwave frequency range* A waveguide is a cylindrical 
or rectangular metal pipe^ as shown in Figure 6^ commonly used as a microwave 
frequency transmission line* 



In electromagnetic delay lines as in electromechanical delay lines, the 
output signal has the same shape and pulse width as the input signal* 
Also, the output signal is attenuated* The amount of time delay and 
signal attenuation is directly proportional to delay line length* 

As a rule of thumb, maximum energy transfer and minimum distortion occur 
in electromagnetic delay lines if the input source and output load impedances 
are matched to the delay line. An example of Impedance inatching is shown 
in Figure 7* Notice that Zg = Zip and ZQgt = Zl / 
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Figure 6 
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Figure 7 



DCLAY LINE iMPCDANCi: MATCHlNr. 
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at this point you hay take the- lesson progress check. if you answer all self-test 
items correctly, proceed to the next lesson. if you incorrectly answer only a 
few of the progress check questions, the correct answer page will refer you to 
The appropriate pages, paragraphs, or frames so that you can restudy the parts of 
this lesson you are having difficulty with. if you feel that you have failed to 
understand all, or most, of the lesson, select and use another written medium of 
instruction, audio/visual materials (if applicable), or consultation with the 
learning center instructor, until you can answer all self-test items on the 
progress check correctly. 
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PROGRAMMED INSTRUCTION 
LESSON I 
Delay Lines 

TEST FRAMES ARE 7, I5» AND 20, PROCEED TO TEST FRAME 7 FIRST AND SEE IF 
YOU CAN ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST 
FRAME • 

Many electronic equipments use one signal to trigger a number of 
circuits. When the signal ib> fed to those circuits* one or more of theni 
jjicjy require the signal at a later tinie than the others. Therefore^ the 
signal must be delayed for a specific time interval without any distortion 
wtiich would change its shape. A de.lay line is us^ to provide the required 
non-distorted signal time delay. 

A signal may be slowed down for a specific time interval by using a special 
device called a line. 

delay 

Most delay lines can be broken down into two major types: 

1. electromechanical delay lines (for longer delays) 

2. electromagnetic delay lines (for shorter delays) 

The first type of delay line you will learn about^is electromechanical 
(acoustic). As the name implies^ these\devices convert electrical input 
signals into mechanical rnotion (ultra-sonic energy). This motion then is 
transferred from input to output through some sort of material such as 
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mercury^ d steel spring^ or a large piece of quartz cystal. The signal 
moves more slowly in the material than in the input wire to the device. 
Finally* the mechanical motion is reconverted at the output back to elec- 
trical signals. 



Figure 1 shows a block diagram of the input-conversion-output process in an 
electromechanical delay line. 
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■Figure I 

ELECTROMECHANICAL DELAY LINE BLOCK DIAGRA^^ 
A practical commercial use of an electromechanical delay line is shown in 
Figure 2. 

^^^^^ J. w SOUND WWES 



taAYUNE 



REVERBERATION 
(ECHO CHAMBER EfFECT) 



Figure 2 

ELECTROMECHANICAL DELAY LINE APPLICATION 
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In the figure^ an audio amplifier uses an electromechanical delay line to 
introduce a time delay Jnto voice or music signals* The delayed signal is 
recombined with the non-delayed signal to produce a "reverberated" sound 
effect similar to an "echo chamber"* You may have heard this effect on 
your favorite music radio station* 

The type of delay line which uses some sort of material to cause a time 
delay from input to output is called * 



electromechanical 



^ How does an electromechanical delay line slow down the input signal? 
As you would suspect^ mechanical motion travels much more slowly than does 
an electrical pulse* Therefore* the amount of time delay depends on two 
factors; the type of material used to provide the mechanical transfer^ and 
the di stance the mechanical motion travels through the material. The 
amount of time delay is directly proportional to the distance the mechanical 
signal travels* For example^ if signal A travels twice as far as signal B 
in the same material* signal A will have twice the delay of signal B. 

Electromechanical delay depends on both the type of Zl 

used to provide the mechanical transfer* and the the 

mechanical signal travels* 

material > distance 
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In all delay lines, the output signal amplitude is less than the input 
signal amplitude. The signal loss in electromechanical delay lines occurs 
because the mechanical motion uses some energy wtiich is not reconverted to 
the output signal. Therefore, the output signal is attenuated , or reduced. 
The amount of attenuation, like the amount of delay, depends on both the 
type of material used and the distance the mechanical signal travels. As 
you can probably guess, the amount of attenuation also is directly proportional 
to the d'>stance of travel. 

Figure 3 shows an example of the input and outpui signals for a typical 
electromechanical delay line. 




Figure 3 

ILLUSTRATION OF ELECTROMECHANICAL TIME DELAY 
Notice that the output signal is delayed by 5 microseconds, and is attenuated 
in amplitude. ^ 
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In all delay lines, the output signal is reduced in amplitude, or . 



attenuated ^ 

^'One type of electromechanical delay line is made up of a column of 
mercury with a Tilab of quartz crystal at each end as shown in Figure 4. 




Figure 4 

ELECTROMECHANICAL MERCURY DELAY LINE 

The quartz crystals have the ability to physically chanqe shape (that is, 
expand or contract) when either a voltage or mechanical force is applied to 
them. This quality of crystals* the piezoelectice effect , was discussed in 
Module 32, Lesson 5, 
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Figure 5 illustrates how the piezoelectric effect operates in a mei^cury 
delay line. 
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Figure 5 
MERCURY DELAY LINE ACTION 



In the figure, the crystal at the input end of the column vibrates in 
reponse to the applied electrical energy* The vibrations generate pressure 
waves in the mercury* These pressure waves travel through the mercury 
slowly compared to the speed of an electric signal, and SQ delay the 
signal. When the pressure waves strike the output crysta], their mechanical 
energy is reconverted to electrical energy* The resulting output signal is 
an undistorted, delayed, and smaller copy of the input signal* 

The electromechanical operation of a mercury delay line is caused by the 
' effect of the qu?rtz crystals* 



piezoelect ric 
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^6*^ An important limitation in eleciT^omechanical delay lines is output 
signal distortion caused by heat* Distortion can occur if the temperature 
of the delay line is above its normal operating tertiperature* Heat tan 
cause the delay line to expand unevenly, and distort the shape of the 
quartz crystal slabs* As a result, the crysLtals produce uneven pressure 
waves, and a distorted output signal* However, if the delay line is not 
damaged, it will operate normally when the temperature is lowered. 

A output signal can occur if an electromechanical delay 

line is heated enough above normal operating temperature* 



distorted 
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(T^ THIS IS "A TEST FRAME. COMPLETE THE TEST QUESTIONS, AND THEN COMPARE 
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE 
FOLLOWING THE QUESTIONS. 

1. In an electromechanical delay line, the input signal is converted into 
( electrical /mechanical ) energy. 

2. The amount of time delay in an electromechanical delay line is 
( directly/inversely ) proportional to the distance the signal travels through 
the delay line. 

3. Delay line output signal amplitudes are attenuated^ which means that 
they are the input signal amplitudes* 

a, less than 

greater than 
c. the same as 

4. Mercury delay lines make uso of the j effect of 

quartz crystals. 

5. What is the effect on the output signal of electromechanical delay Ifnes 
which are operated above noma! operating temperatures? 

a. There is no effect. 

b. The output signal . can be amplified* 

c. The output signal can be distorted. 
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1. mechanical 

2< directly 

3. a. le^s than 

4* piezoelectric 

5, c. The output signal can be di^toreJ: 



IF YOUR ANSWERS MATCH THE CORRECT ANSWCRS^ Y£UJ HAY GO TO TEST FRAKE 15. 
OTHERWISE, GO BACK TO FRA^E' 1 AND TAKE THE PR6GRAMHED SEQUENCE BEFORE 



TAKING TEST FRAME 7 AGAIN,^ j 



(sT) The second type of delay^line you will learn about i% electromagnetic. 
In electromagnetic delay linesV^he^sTgoatMs deTiyed through the action of 
charging and discharging capacitance, and expanding and collaRfing inductive, 
or magnetic, fields. 

Standard coaxial cable is an excellent example of an electromagnetic delay 
line. Coaxial cable, or coax, is a type of transmission line used to 
transfer electrical power or signals between two points* For example, coax 
is used between antennas and receivers or transmitters. 

Coaxial cable is an example of an ' , delay line. 

electromagnetic 
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^^9?) How does coaxial cable function as an electromagnetic delay line to 
high frequency electrical signals? To answer this question, you first must 
study Figure 6 to see what a piece of standard coax looks like. 



PROTECTIVE 
OtJTER 
COVERING 
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CEKTER CONDUCTOR 

Figure 6 
STANDARD COAXIAL CABLE 

In the figure, the polyethylene (flexible plastic) insulator between the center 
conductor and the copper braid outer conductor, or shield, acts like the dielec- 
tric in a capacitor. The center conductor acts as an inductor. Therefore, coaxial 
cable functions electrically like a series of LC circuits asshown in Figure 7. 



CENTER CONDUCTOR 

L2 L3 
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Figure 7 
AC EQUIVALENT-COAXIAL CABLE 
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In the figure, each AC equivalent LC circuit is shown as Ll-Cl, L2-C2, and 
so on. The LC circuit shown as L(n)-C(n) means that there are any nunber 
of such circuits in a cable. The amount of each inductance is small ( a few 
microhenries), which permits the inductive fields about each inductor to 
expand and collapse rapidly.^ Also, the amount of each capacitance is small 
{about 25 picofarads per foot), which permits a rapid charge and discharge 
of each capacitance. 

In coaxial cable, the time delay results froai the rapid expansion and 

collapse of fields, and the rapid charge and 

discharge of . 



inductive (or magnetic) , capacitances (or capacitors) 
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lOJ The time delay in coaxial cable can be explained by referring to the 



equivalent inductors and capacitors shown in Figure 8. 
CENTER CONDUCTOR 



/ LI L2 L3 L4 // L(n) 

p ^nrY-^ ^ rw^ ^^^'^ /f' '"^^ Q 

.= INPUT ^Cl -Lc2 :i:C(n) OUTPUT: 



BRAIDED COPPER SHIELD 

Figure 8 
AC EQUIVALENT-COAXIAL CABLE 

When the leading ed ge of a signal pulse is injected into the center conductor 
in the figure, inductor LI initially opposes a change in current. This 
action drops the signal voltage across LI. As the magnetic field around LI 
rapidly expands, LI begins to conduct current which charges capacitor CI. 
tthe time delay to charge CI equalsVlTO As CI charges, L2 opposes any 
current flow. This drops the voltage across L2. When L2 begins to conduct 
current, C2 begins to charge. This inductor-capacitor-inductor transfer is 
repeated on down the line. Each time an inductor opposes the charge of a 
capacitor, the signal pulse is delayed. 

In Figure 8, L2 will ( aid/oppose ) the charge of C2, causing a tlrne delay. 



oppose 
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(n^ You have learned that the leading edge of a signal pulse which is in- 
jected into a coaxial cable receives a time delay. Figure 9 again shows 
the equivalent LC circuits in coaxial cable. 



CENTFR CONDUCTOR 
LI L2 




/ INPUT 



BRAIDED COPPER SHIELD 

Figure 9 

AC EQUIVALENT-CDAXIAL CABLE 

In the figure^ the input signal pulse width is maintained by the charge on the 
the LC circuit capacitors. 

When the trail ing edge of the input signal pulse goes back to D volts, the 
capacitors discharge, one at a time, through the inductors. LI will oppose 
the discharge current of CI through LI, and delay Cl's voltage drop to D 
volts. L2 then will oppose the discharge current of C2 through L2. The 
capacitor-inductor interaction at the trailing edge of the signal pulse is 
repeated on down the line. This interaction keeps the pulse width of the time 
delayed signals the same as the input signal. Therefore, the waveforms of 
the output and input signals are the same shape and have the same pulse 
width. 
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in coaxial cable^ the input and output pulse widths are ( di fferent/the 
same ), and the input and output waveforms have ( different/the same ) shapes. 



the same, the same 



12j In electromagnetic delay lines, the output signaVis attenuated. This 



is partially because the capacitor in each equivalent LC circuit never 
becanes fully charged before it discharges into the next LC circuit. The 
greater the number of equivalent capacitors that must be charged, the 
greater are both the time delay and signal- attenuation. In addition* all 
conductors have some resistance which contributes to the signal loss. 

Figure 10 illustrates the characteristics of a signal moving through an 
electromagnetic time delay device such as coaxial cable. 
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ELECTROMAGNETIC TIME DELAY DEVICE SIGNAL CHARACTERISTICS 
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* 

In the figure* the output signal frohi each LC circuit is shown. Notice 
that the output waveforms for the successive LC circuits have the same shape 
and pulse width as the input signal* but are attenuated. Also notice tLat 
the final output from the coaxial cable has a time delay equal to the sum 
of the time deleo^s for the individual LC circuits. As you can see* both 
the time delay and signal attenuation of coaxial cable are directly propor* 
tional to cable length. 

The longer the coaxial cable* the ( less/more ) the signal is delayed* and 
tha ( less/inore ) the signal is attentuated. 

mors, more 

A typical time delay for standard coaxial cable is .010 microseconds 
(.010>^ second) per meter. To produce even a I^l second delay would 
require one hundred meters of coaxial cable. The cable may be coiled to 
reduce its physical size as shown in Figure 11. 



Figure 11 
COILED COAX DELAY LINE 
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However, a better method to reduce cable length for a given delay is to 

use a cable with a special spiral-wound center conductor as shown in Figure 12, 
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Figure 12 
SPIRAL COAX DELAY LINE 

The length of the center conductor is greatly increased by spiraling. This 
type of cable increases the number of apparent Inductors and capacitors (LC 
circuits) per meter, and proportionately increases both the time delay amJ 
the signal attenuation. In fact, the delay time for spiral-wound coax is 
about 14 times greater th^n that of standard coax. For this reason, 
sptral-wound coax is the more commonly used cable for time delays* 

The type of coax which has the greater time delay per unit length is 
(standard/spirgt-wound ). 

spiral'wound - 
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14^ Even spiral-wound coax may require too much cable length for some 
applications. For very long time delays wtiere the size of components must 
be kept to a minifnufn, the lumped constant delay line as shown in Figure 13 
me^y be used. 
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Figure 13 
LUMPED CONSTANT DELAY LINE 

This type of electrcwnagnetic delay line is made up of real inductors 
and capacitors. The lumped constant delay line can produce a 30 millisecond 
deldy in a package as small as 2,54 cm (I inch) square and 1,27 cm (1/2 
inch) thick. This same delay time would require about 214 meters of 
spiral-wound coax. The lumped constant delay line can be manufactured to . 
produce exact time delays and still retain the small package feature* 

Which of the following three types of electromagnetic delay lines can pro* 
duce the longest time delay using the least amount of space? 

a, spiral-wound coax 

b, standard coax 

c, lumped constant 



c, lumped constant ^ 
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(l5^ THIS IS A TEST FRAME, COMPLETE THE TEST QUESTIONS, AND THEN COMPARE 
rOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE 
FOaOWING THE QUESTIONS, 

1. Coaxial cable is what type of delay line? 

a, electromagnetic 

b. electroniechanical 

2- Coaxial cable functions electrically as a series of circuits. 

a. RC 

b. LC 

c. piezoelectric 

d. amplifier 

3. In coaxial cable, the amount of signal attenuation is { di rectly/i nversely ) 
related to cable length. 

4. In coaxial cable, the pulse i^idth of the time delayed signal is ( wider 
than/the Same as/narrower than ) the pulse width of the input signal* 

5. One reter of spiral-wound coax, compared to one meter of standard coax, 
provides ( less/the same/more ) €im delay and ( less/the same/more ) signal 
attenuation. 

6. The electromagnetic delaj' line which is manufactured to provide exact time 
delays in a small package size is 

a. spiral-wound, coax. 
J b. mercurj' delaj^ line, 

c. lumped constant. 

d. standard coax. 
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1. a. electromagnetic 

2. b. LC 

3. directly 

4. the same as 

5. more* more 

6. c. lamped constants 

IF YOUR ANSWERS HATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST FRAME 20. 
OTHERWISE GO BACK TO FRAME 8 AND TAKE THE PROGRAMMED SEQUENCY BEFORE TAKING 
TEST FRAME 15 AGAIN. 

/ 
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Wtty don't these delay lines operate properly at microwave frequencies? As 
you know, electromagnetic delay lines function by using capacitance between 
the two sides of the line as shown in Figure 15. 
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Figure 15 
AC EQUIVALENT OF DELAY LINE 

As the frequency of the input signal increases* the capacitive reactance 
(Xc) of these*. capacitors decreases. This relationship is expressed in the 
fonaula Xc=.159-rFC. Now at microwave frequencies* Xc becomes so small that 
the signal in the coax and lumped constant delay lines will be effectively 
shorted across the line. Tins causes intolerable losses and poor operation 
of these delay lines at microwave frequencies. 

The coaxial and lumped constant delay lines ( will/will not ) operate properly 
at microwave frequencies. 



irill not 
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(l^ The coax and lumped constant delay lines will not operate p*-operly 
when the frequency of the input sijnal reaches or exceeds the microwave 
range used by radar and some communicdtlons equipment* Figure l4 shows 
where the microwave frequency range is, in the frequency spectrum* 
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Figure 14 
FREQUENCY SPECTRUM CHART 

As you can see, microwave frequencies are extremely high and range from about 
1000 MHzdD^Hz) to 100,000 MHZ floHHz). 
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To make a waveguide act as a delay lino^ the waveqnicio is fomied into 
a loop or circle as shown in Figure 17, 




Figure 17 
WAVEGUIDE DELAY LINE 

A signal at the input will split. and travel in both directions efround the 
circle- The signal going to output 2 has farther to travel than the signal 
going to output K This causes output 2 to occur later than output 1. 
Output 2 Is delayed in time with reference to output 1, and both outputs 
are delayed with reference to the input- The amount of time delay possible 
with this method Is very small- However^ when longer time delays are 
required at microwave frequencies, the signal is converted to a lower 
frequency to allow one of the other types of delay lines to be used. 
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^17^ At nicrowave frequencies, a transmission line known as a waveguide is 
used to conduct. RF signals. A waveguide is simply a cylindrical or rectangulc 
metal pipe through which microwave signals easily travel. Figure 16 shows 
an example of two types of waveguides. 
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Figure 16 
WAVEGUIDES 



Signal speed through a waveguide is slower than through either free space 
ur a wire conductor. Therefore^ the waveguide ran he used as a time delay 
device^ although it is primarily used as a transmission line. 

An electromagnetic d^lay line at microwave frequencies is called a 



waveguide 
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(19^ As a technician woking with delay lines, you will not be concerned 
with designing the d.?vices. However, it i$ necessary for you to know their 
performance characteristics as previously discussed. One other important 
characteristic is that a delay line should be impedance matched to both the 
input source and output load. This is done to provide maxinium energy 
transfer with minimum distortion of the signals. Figure 19 shows an 
example of Impedance matching. 
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Figure 19 
DELAY LINE IMPEDANCE MATCHING 



In the figure, the source impedance (Zg) of an -Input signal equals 1000 
ohms. If you want maximum energy transfer to occur, the "rule of thumb" is 
to match the source and delay line impedances. Therefore, the delay line 
input impedance {li^) also equals 1000 ohms. This rule also applies to 
the match between the delay line output impedance {IquO ^^e load 
impedance (Zl). In the example, both equal 500 ohms. 

In delay li nes maximum energy is transferred with minimal distortion if the 

input and output are niatched with those of the signal 

source and load. 



impedances 
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Figijre l8 shows both output signals in relation to the waveguide input 
signal . 
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Figure 18 
WAVEGUIDE DELAY TIMES 

In the figure, you can see that the output 2 signals have a longer time 
delay than the output 1 signals. You can also see that the shape and pulse 
width of the output and input waveforms are the same. Notice that the 
output signals are attnnuated. 



In Figure 18, an input signal travels the longer distance to reach output 
(1/2). 
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3. What rule is observed with regard to impedance matching in delay lines, 
a. Zout " 2in. Zg «= Zl; 
Zg = Zout. Zin = 21 

c. Zg = Zl, Zin = Zout 

d. Zg = Zin, Zout = Zl 
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(20^ THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS* AND THEN COMPARE 
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS. 

1. Coaxial cable and lumped constant delay lines do not operate properly 
in the frequency range. 

a. audio 

b. microwave 

c. sliortwave 

d. TV and FH radio 

2. What type of delay lines nay be used at microwave frequencies for small 
time delays? 

a. Spi ral -wound coax 

b. Electromechanical 

c. Standard coax 

d. ijaveguide 
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1 . b. microwave 

2. d. Waveguide 

3. d. Zg = Zin» Zout = Zl 



IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU HAVE COMPLETED THE PROGRAMMED 
INSTRUCTION FOR LESSON T, MODULE THIRTY THREE. OTHERWISE GO BACK TO FRAME 16 
AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 20 AGAIN. 

AT THIS POm, YOU W\Y TAKE THE LESSON PROGRESS CHECK. IF YOVl ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER 
PAGE WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT 
YOU CAN RESTUDY THE PARTS OF THIS LESSON lOU ARE HAVING DIFFICULTY WITH. 
IF YOU FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, 
SELECT AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERI- 
ALS (IF APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, 
UNTIL YOU CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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The transfer of the mechanical motion through the material causes the 
delay. Material motion travels much more slowly than an electrical pulse* 
Therefore, the amount of time for the transfer will depend on the material 
used and the distance the mechanical motion travels through the material. 
Mechanical motion also will be attenuated (reduced in energy) by the 
material. The amount of attenuation is directly proportional to the 
distance the mechanical signal travels and to the type of medium. Figure 2 
shows the time delay and signal attenuation of a typical electromechancial 
delay line. 




Figure 2 



ILLUSTRATION OF ELECTROMECHANICAL TIME DELAY 



One type of electromechanical delay line is made up of a column of mercury 
with a slab of quartz crystal at each end as shown in Figure 3. 




Figure 3 
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LESSON 1 



Delay Lines 



Many electronic equipments use one signal to trigger a number of circuits. 
When the signal is fed to those circuits, one or more of them may require 
the non-distorted signal at a later time than the others. To do this, a 
delay line is used. Most delay lines are divided into two categories: 
electromechanical (for longer delays) and electromagnetic (for shorter 



Electromechanical for acoustic) dalay lines are devices which convert 
electrical input signals into mechanical motion (ultrasonic energy). This 
motion is transferred from input to output through some sort of material 
(for example: mercury, a steel spring, or a large piece of quartz crystal), 
and then reconverted into electrical signals at the output. A practical 
commercial use of an electromechanical delay line is shown inTigure 1. 



Audio amplifiers may use an electromechanical delay line to introduce a 
time delay into voice or music siqnals. The delay signal is recombined with 
the non^delayed signal to produce a reverberated sound effect much like 
that of an "echo chamber". 



del ays) . 




Figure 1 



ELECTROMECHANICAL DELAY LINE APPLICATION 
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Electromagnetic delay lines are devices which function through the action 
of charging and discharging capacitances, and expanding and collapsing 
inductive, or magnetic, fields. Coaxial cable, or coax, may be used as an 
electromagnetic delay time. However, coaxial cable was designed as a type 
of transmission line for electrical power or signals, as between receive:'s/ 
transmitters and antennas. 

Figure 5 identifies the parts in a section of standard coaxial cable. 



Coax cable is constructed in a manner which produces internal capacitances 
and ^nduct^5^ce. In Figure 5» the polyethylene insulator between the center 
conductor md the copper braid acts like the dielectric in a capacitor. 
The center conductor itself acts as an inductor. Therefore, the coax 
functions electrically like a series of LC circuits as shown in Figure 6. 
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Figure 5 



COAXIAL CABLE 
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The quartz crystals have the ability to physically expand and contract when 
either a voltage or mechanical force is applied to them. This quality is the 
piezoelectric effect s discussed in Lesson 5, Module 32* Figure ^ illustrates 
how the piezoelectric effect works in a mercury delay line* 
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Figure 4 
MERCURY DELAY LINE ACTION 



PRESSURE 
WAVES 



t^j = time zero reference 



In the figure, an electrical signal input is converted to the mechanical 
energy of motion which inoves through the mercury column. This mechanical 
energy is reconverted to electrical energy at the output, producing a 
nondistorted, delayed, and attenuated copy of the input signal. 

Distortion of the output signal can occur if the temperature of the electro- 
mechanical delay line is significantly above its normal operating temperature* 
Heat can cause the delay line to expand unevenly and distort the signal* 
However, if the delay line is not damaged, it will resume nomal operation 
when the temperature is lowered. 
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The amount of attenuation^ like the amount of time delay* is directly 
proportional to cable length. Figure 7 illustrates the signal characteristics 
of an electrofnagnetic time delay device such as coaxial cable* 
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Figure 7 

ELECTROMAGNETIC TIME DELAY DEVICE SIGNAL CHARACTERISTICS 



Notice that the cwtput waveforms for the successive LC circuits have the 
same waveform shape and pulse width as the input signal, but are attenuated. 
You can see that the total amount of both time delay and signal attenuation 
equals, the sum of the time delays and attenuations for each LC circuit. 
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Figure 6 
AC EQUIVALENT-COAXIAL CABLE 



In Figure 6> there are any number of such LC circuits as indicated by 
L(n)*C(n). The amount of inductance in each circuit is small (a few 
microhenries) as is the amount of capacitance (about 25 picoforads per 
foot). Therefore, there is rapid expansion and collapse of the inductive 
fields, and rapid charge and discharge of the capacitances. 

When the leading edge of a signal is applied at the input in Figure 6, LI 
opposes a change in current and drops the voltage of the signal across 
itself. Then, as the inductor begins to conduct current, capacitor CI 
starts to charge. As CI charges, L2 opposes any current flow and has a 
voltage drop across itself. When L2 begins to conduct current, C2 begins 
to cha^^ge. This action is repeated down the line of LC circuits with a 
slight delay in time occuring between each inductor-capacitor-inductor 
transfer. 

The voltage level of the signal pulse is maintained on the line by the 
charge on the capacitors. Now when the trailing edge of the input signal 
pulse returns to zero volts, the capacitors discharge through the inductors. 
LI will oppose Cl*s discharge through LI, and delay Cl's voltage drop to 
zero volts. This L^pacitor^inductor interaction is repeated down the line 
for each LC circuit, and keeps pace with the time delay at the leading edge 
of the signal. Therefore, the signal traveling through the cable has the 
same pulse width and waveform shape as the input signal. The total time 
delay for the coax is the sum of the time delays for each LC circuit. 
Therefore, time delay is directly proportional to cable length. 

The output signal is attenuated in electromagnetic delay lines because the 
capacitor in each equivalent LC circuit discharges before it becomes fully 
charged. Also, there is some nomal resistance which causes energy loss. 
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For relatively long time delays* where che size of components must be kert 
to a minimum, the lumped constant delay line may be used as shown in Figure 9. 
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Figure 9 
LUMPED CONSTANT DELAY LINt 



This type of delay line consists of actual inductors and capacitors, 
enclosed in a metal shield and can produce a 30 millisecond delay in a 
package as small as 2,54 cm (1 inch) square and 1.27 cm (1/2 inch) thick. 
This same time delay replaces about 214 meters of spiral-wound coax. The 
lumped constant delay line can be manufactured to provide exact time 
delays. 

The coax and lumped constant delay lines do not function properly when the 
input signal frequency is above about 1000 Wz U09 Hr)» which is the lower 
limit of microwave frequencies. Figure 10 shows where the microwave 
frequency range is in the frequency spectrum. 
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Figure 10 
l-REQUENCY SPECTRUM CHART 
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Since standard coaxial cable has a very short delay time of about .010 
microseconds per meter^ long lengths of cable are requlreci for delay times 
in the microsecond range. The cable may be coiled to save space. However^ 
Q better method to reduce cable length is to use cable with a splral-wuund 
center conductor as shown in Figure 8. . 
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Figure 8 
SPIRAL COAX DELAY LINE 



The length of the center conductor is greatly increased by 'spi raling» which 
increases the number of equivalent inductors and capacitors per unit 
length. The delay time for spiral-wound coax is about 14 times greater 
than that of standard coax. The amount of signal attenuation is proportion- 
ately increased. Spiral-wound cable is the more commonly used of the two 
types of coax. 
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To make a waveguide into a delay line^ the wavegaidc is formed into a loop 
or circle as shown in Figure 12* 




Figure 12 
WAVEGUIDE DELAY LINE 



A signal at the input will split and travel in both directions around the 
circle* The signal going to outout 2 has farther to travel than the signal 
going to output 1, causing output 2 to occur later in time. Both outputs 
are delayed with reference to the input* 
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^he reason for the problem at microwave frequencies is related to the 
capacitance in the LC circuits of electromagnetic delay lines. As the 
input signal frequency increases, the capacitive reactance (Xc) decreases. 
This relationship is expressed in the formula Xc = -159^FC, At microwuve 
frequencies, Xc becomes so small that the signal in coax and luinped constant 
delay lines shorts across the line. 

At microwave frequencies^ a transmission line called a waveguide is used to 
conduct and delay signals. Since signals move more slowly through a waveguide 
than through either free space or a wire» the waveguide can be used as a 
delay line for small time delays. Examples of waveguides are shown in 
Fi gure 11 * 
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Figure 11 



WAVEGUIDES 
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As a rule of thunb, maximum energy transfer occurs through delay lines if 
the input source and output load impedances are matched to the delay line. 
An example of impedance matching is shown tn Figure 14* 
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■ Figure 14 
DELAY LINE IMPEDANCE mTCHiNC 



In the figure, the source impedance {Zg} is impedance matched to the 
delay line input. The output load (Zj.) is impedance matched to the delay 
line output (Zout)* 



AT THIS POINT YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANS'.-/ER OHLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF VOU 
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT- 
AND USE ANOTHER WRITTEN MEDIUff OF INSTRUCTION. AUDIO/VISUAL MATERIALS (IF 
APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL 
YOU CAN ANSWER ALL SELF-TEST ITEMS ON THt PROGRESS CHECK COftf.ECTLY. 
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Fiyure 13 shows the signal characteristics for a waveguido delay line* 
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Figure 13 

WAVEGUIDE DLLAY TIMES 

As you can see, waveguides have similar signal characterir+ics to coax and 
lumped constant delay lines. The output signals are attenuated, and have 
the same pulse width and waveform shape as the input signals. 
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OVERVIEW 
LESSON 2 

Dumny Loads 

In this lesson you will learn how electrical dumy load devices can be used to 
simulate real loads on equipments such as power supplies and transmitters. You 
will become familiar with some basic design features of these dummy loads and 
some Important requirements for> and limitations on> their use. You also will 
become familiar with some basic uses for mechanical dunvny loads. 

The learning objectives of this lesson are as follows; 

TERMINAL OBJECTIVE(S} : 

33.2.62 When the student completes this lesson (s)he will be able to 

IDENTIFY the purpose* function, and operating characteristics of 
diffliTV loads by selecting statements from a choice of four, 100% 
accuracy is required* 

ENABLING OBJECTIVES: 

When the student completes this lesson (s}he will be able to: 

33.2,62*1 IDENTIFY the purpose of electrical dumfny loads by selecting the 

correct statement from a choice of four. 100% accuracy is required. 

33.2.62.2 IDENTIFY the operating characteristics and applications of resist- 
ive duniTiy loads by selecting the correct statement from a choice of 
four* lOOX accuracy is required, 

33.2. 62.3 CALCULATE the resistance and power requirements of durany loads used 
on power supplies, given the voltage and current of the actual load» 
by selecting the correct value from a choice of four. 1D0% accuracy 
Is required* 

33,2*62,4 IDENTIFY the operating characteristics and Spijlications of coaxial 
and waveguide durmiy loads by selecting the cornEnct-fctatement from 
a choice of four* 100% accuracy is required. 

33,2* 62. 5 CALCULATE .the power requirements of dunmy loads used on transmitters* 
given transmitter outputs* by selecting the correct value from a 
choice of four* 100% accuracy Is required. 

33.2,62.6 IDENTIFY the purpose of» and examples of, mechanical dumy loads by 
selecting the correct statement from a choice of four. 100% 
accuracy is required- 

BEFORE YOU START THIS LESSON, READ THE LESSON LEARNING OBJECTIVES AND PREVIEW 
THE LIST OF STUDY RESOURCES ON THE NEXT PAGE, 
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SUMMARY 
LESSON 2 - 

Dunmy Loads 

Hany times ypu will find it necessary to test electronic equipments, such 
as power supplies and transmitters, v/ithout connecting them to their normal 
load devices* In these situations, dummy loads are used* A dunr\y load is a 
device that appears to any equipment under operation to be the noroal 
load. V 



Figure I shows two comrrron examples" wtiere electrical dumwy loads can be 
used* 




DUMMY LOAD APPLICATIDNS 



When using dummy loads, the normal loads are isolated electrically from 
the circuits. The dummy loads allow you to operate and troubleshoot 
the radio transmitter and power supply without the prohleins related to 
using the normal loads. Dunmiy loads can replace the nonnal loads of 
circuits as well as of complete equipments. 

A resistive dummy load converts the output energy from an operating 
equipment into heat. Two requirements for usinfj all resistive dummy 
loads are;- 

1. The dupn\y load resistance must be as close as possible to the 
actual value of load resistance (R^). 

2. The dtirany load power rating must be high enoiigli to dissipate 
the power produced by the equipment or circuit* 



study Resources 



Thirty Three?- 2 



LISNOF STUDY RESOURCES 
LESSON 2 

Du^Tg^y Loads 

To learn the material in this lesson* you have the option of choosing, 
according to your experience and preferences, any or all of the follofwing 
study resources; 

Written Lesson presentation in: 

Module Booklet: 

Sumrnary 

Programmed Instruction 
Narrative 

Student 's Guide: 

Progress Check 
Additional Materials)". 

Enrichmtitt Material (s): 

Electronics Installation and Maintenance Rook (EIMB), (Test Methods and 
Practices) NAVSHIPS [)%7-00O-0130 

Principles of Radar , 3rd edition, Frances T. Reitzes and fiodfred T. 
Coate/ McGraw-Hill Book Co. Inc., New York 1952. 

/ 



YOU MAY USE ANY, OR ALL, RESOURCES LISTEO ABOVE, AUD ALSO THE LEARNING 
CENTER INSTRUCTOR- HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY 
REQUIRED TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT 
ANY TIME. 
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Figure 3 illustrates a waveguide diji;imy load. 

FLANGES 



WAVEGUIDE 




Figure 3 



WAVEGUIDE DUMMY LOAD 



In both coaxial and waveguide dumry loads, spme RF energy is not dissipated 
as heat and leaks into the surrounding space. When radio silence is required, 
the Commanding Officer nust give penntssion to trarisiiiit eve.) into a dummy 
load. 

The previous discussion has dealt with electrical dutitniy loads. Dne other 
category of dummy load is the mechanical duttimy load which is a device that 
simulates mechanical loads. 



AT THIS POINT, YOU MAY TAKE THE LESSOM PROGRESS CHECK. IF YOU ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPRDPRIATE PAGES, PARAGRAPHS, OR TRAHES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY Wini. IF YOLI 
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON; SELECT 
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION^ AUDIO/VISUAL MATERIALS (IF 
APPLICABLE), OR CDNSULTATIOrr KITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN 
ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHfCK CORRECTLY. 

AO 
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A resistive durmy load can be a fixed resistor or a rheostat* Fixed 
resistors of proper values and power ratings are ccmmonly used as dumpiy 
loads for AC or DC power supplies over a wide range of power outputs* 

A resistive dummy load which replaces the antenna of a radio transmitter 
must be capable of dissipating a laroe ai^ount of heat caused by the RF 
energy* Two types of dununy load used for this purpose are coaxial ehtj 
waveguide dumrr^y loads* In both types» the resistive element is made 
ef a special mixture containing powdered graphite with an adhesive compound* 
This mixture is formed into a tapered cone* and placed into a heat sink to 
dissipate the heat into the air* 

Coaxial duniny loads are used at frequencies in the RF comritunications 
range* A coaxial edible transmission line connects the radio transmitter 
to the durimy load. In this case the fixe^ Output impedance of the transmitter 
(usually 50 ohms resistive) is matched by a 50 ohm coax cable and 50 ohm 
flunniy load* Figure 2 shows an exterior view of a coaxial dunmy load* 



1« Resistive element 

2. RF input connector 

3. H^tal coolino fins 

4. Resistive element 
extending down through 
cool ino fins 



Figure 2 

COAXIAL DUMMY LOAO (EXTERIOR VIEW) 



Waveguide dupmy loads nonnally are used at microwave (radar) frequencies. 
A waveguide transriiission line connects the radio transmitter to the dummy 
load* The resistive element is contained within a piece of waveguide* 
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frequency energy would radiate from the antenna and cause interference to 
normal communications on the channel* You may have encountered this 
interference problem on your television or citizen's band radio* 

I:, Figure 1(b), a power supply is shov;n connected to one of its normal 
loads which |s a radio transmitter* In order to test the power supply^ you 
need to operate it* However^ the transmitter has fragile semiconductor 
devices which may be damaged while you are troubleshooting the power 
supply* You can see from both examples tliat there Is a need toth to test 
equipnents under load conditipns and to isolate then from their noraal 
1 oads* 

When troubleshooting a piece of electronic equipment^ you will sometir...?s 
need to isolate it from its normal output * 

load 

A durmy load is a device that will appear to any equipment under 
operation to be the normal load* Dummy loads can replace nomjal loads so 
that you may troubleshoot equipment and avoid the problems caused by using 
the normal load* 
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PROGRAMMED INSTRUCTION 
LESSON 2 

Dunriy Loads 



TEST FRAMES ARE 6 AND 14. PROCEED TO TEST FRAME 6 FIRST AND SEE IF YOU CAN 
ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST FRAME. 

(l?^ Many times in your electronics career you will have to test a piece of 
equipment without having it connected to its normal load device. Figure 1 
shows two common situations in which this happens. 



AN'AENNA 

J 



RADIO 
TRANSMIHER 




COAXIAL 
CABLE 



(a) 




RADIO 
TRANSMITTER 



Figure 1 
TEST SITUATIONS 

In Figure 1(a), a radio transmitter is shown connected to its normal load 
which is an antenna. In order to test the transmitter, you would need to 
"key" it (make it transmit). However, when you key the transmitter, radio 
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In both examples, the dummy loads appeared as units which are externjl to 
the equipments. You will find that dumny loads also can substitute Tor 
circuits within a piece of electronic equlpRient. 

type of special dsvice used to replace the normal loads on elrjtronic 
equipments or circuitry is called a . . 

dummy loao ' ■ 

(Zj^ You have learned that a dummy load is used wheriever it U not desirable 
or possible to hook up electronic equipments to their normal loads during - 
testing or adjusting. Dummy loads allow you to remove the normal load from 
the circuit. Now, what is a duminy load? Bascially, a dumrny load is a 
conversion device. 'It contmonly converts the energy produced by the equipment 
tinder test into heat. ^ To do this, many dumny loads are made of a piece of 
resistive material and function as resis^rs. These are called resistive 
dummy loads. You are familiar with resistors used as normal loads (R^) 
in the circuits of-ampl1fiers :and power supplies. Therefore, ordinary 
resistors often are used as dummy loads. ^ 

Resistive duminy loads function electrically as , and convert 

the energy produced by equipment to which they are connected into 



resistors* heat 



64 



Thirty Three-2 



Figure 2 shows tvjo exanples in which dummy loads replace normal loads. 




(a) 



CCAXIAL 
GABLE 




DUMMY 
LOAD 




DC 



(X 

E 
s 



(b) 



DUMMY 
IDAD 



ERIC 



Figure 2 
DUMMY LOAD APPLICATIONS 

In Figure 2(a) » the dummy load replaces the radio transmitting antenna* 
ThuSt the transmitter may he operated and tested without causing interference 
in other receivers. This is because the RF energy output is confined to 
the shielded dumny load* Since the dummy load has the sanie impedance as 
does the antenna (usually 50 ohms resistive)^ the transmitter will operate 
the sane as if connected to the antenna* 

In Figure 2(b), the dunny load replaces a radio transmitter* The power 
supply will operate the same as if attached to the radio transmitter. 
Therefore, a technician can operate and repair the power supply without 
daii;acjing the transrn Uer. 
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Let's replace the normal load with a 0 - 250 ohni rheostat /ated at 2 
amperes current and IDOO wr^tts p.-/1mum power* Figure 3 shows such a 
rneostat* 




Figure 3 ^ 
0-250 OHM, 2 AMPERE RHEOSTAT 

You have used a similar device in several BE/E job programs* The rheostrit 
should be set to match the normal load resistance of 100 oNiiS* , The power 
rating of the rheostat at 100 oNms is found by again applying Ohms Law (P = 
i2r). At 100 ohms, the rheostat has a power rating of 400 watts 2 
amperes)2 X 100 ohmrj* Since the noi^r^al load requires only 100 watts, 
the dummy load can be used to replace the normal load* The dummy load will 
dissipate the energy produced by the power supply in the form of heat* This 
type of dumny load can be used on AC or DC power supplies of any power out- 
put* Also, a fixed resistor may be used instead of a rheostat. 
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There are two requirements for using a resistive dumn^y load to replace 



a normal load. They are; 

a. The resistance of the dumrny load must be ^.s close as possible to the 
actual value of the load resistance (R^). 

b. The power or wattage rating of the durnm^ load must be high enough to 
dissipate the power produced by the equipment or circuit* 

Resistors must have the correct resistance values and power ratings before 
they can be used ^s dumniy loads* 

In order to operate properly, resistive dummy loads should have resistance 
values and ratings of correct size* 

power (or wattagej^ 



Let's looV. at an example of a resistive dummy load replacing a normal 
load. Suppose a power supply for a number of circuits (the normal load) 
produces 100 volts D.C. at 1 ampere* Y^^u know that using a dumniy load 
requires knowledge of the resistance and power rating of the normal ]oad* 
You can apply Ohni*s Law to find resistance (R = Evi) and power (P = IE)* 
In this example, resistance equals 100 ohms {100 volts/1 ampere)^ and power 
requals 100 watts (1 artpere X 100 volts)* Therefore^ the dumniy load should 
have 100 otims resistance and a power rating of no less than 100 watts* 
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The microwave energy trave'is downvthe waveguide somewhat like water travels^ 
through a pipe. The walls of the waveguide may be lified with silver or 
other material of high conductivity. This will minimize the energy loss as 
the signal moves through the waveguide. 

A waveguide is a { sol id/ho11ow ) cylindrical or rectangular pipe. 



10^ Since a waveguide has a special shape and no center conductor^ a 
waveguide dummy load is designed a little differently than a coaxial dummy 
load. Both dummy loads use ^ resistive element made of powdered graphite in 
an adhesive compound. Also» both dummy loads use a heat sink with cooling 
fins. T>ie differences between the two types of dummy loads are obvious 
wtien you study the illustrations of a waveguide dummy load shown in Figure 7. 



hollow 
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U isolated from 
2* b. heat 
3. 25D, IDOD 



IF yoUR ANSWERS MATCH THE CORRECT ANSWERS, VDU MAY GO TO TEST FRAME 14. 
DTHEKWiSE, GO BACK TO FRAKE 1 AND TAKE THE PROGRAMMED SEQUENCE BEFORE 
■ TAKING TEST FRAMC 6 AGAIN. 

^7?) You have learned hov/ a rheostat or fixed resistor can be used as a 
resistive dummy load for a power supply. Now a resistive dummy load which 
replaces the antenna of a radio transnitter normally is not a coffmon 
resistor . The dummy load for a radio transmitter must be able to dissipate 
the large amount of heat produced by the RF energy. For low power levels, 
a common, non-inductive resistor may do the jOD. However, at hiciher power 
levels many dummy loads use a special resistive element. This element has a 
center conductor that is a resistive mixture of powdered graphite with an 
adhesive compound. The resistive mixture is fomed into a tapered cone and 
connected to a piece of coaxial cable tranmission line as shown in Figure 
4. 



NEOPRENE RUBBER 
INSULATOR 



RF FROM ■■■ tf 
TRANSMITTER 



CENTER 
CONDUCTOR 



mm 



BRAIDED COPPER 
SHfELD 




RESISTIVE 
MATERIAL 



RESISTIVE ELEMENT- 



Figure 4 

COAXIAL DUMMY LOAO (CUTAWAY VIEW) 
In the figure^ the coaxial cable couples the RF signal from the transmitter 
to the dummy load. 

by 
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The resistive element is placed inside a large heat sink made of metal 
cooling fins* Figure 5 shows an external view of a cojuplete coaxial dummy 
loatf* 




1< Resistive element 

2. RF input conr^ector 

3. Metal cooling fins 

4. Resistive element 
extending down through 
coolinq fins 



Fi gure 5 

COAXIAL DUMMY LOAD (EXTERIOR VIEW) 

In the figure, the RF energy applied to the input is converted to heat* and 
then dissipated into the air by the cooling fins of the heat sink* 

The coaxial dimrriy load shown in Figure 5 is commonly used to replace the 
normal load of a ( poWer supply/radio transmitter ) 



radio transmitter 
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At frequencies in the RF communications range (about 100 kHz to about 
500 MHz), coaxial cable is used to couple the RF signal from the transmitter 
to the dummy load* However, as frequency increases into the microwave 
frequency range, coaxial cable noHnally is not used* In the previous 
lesson on delay lines, you learned about the problems associated with 



coaxial cable as a transmission line for microwave frequencies^ such as are used 
by radar* Recall that the cable center conductor, insulator, and braided 
copper shield (which is grounded) function as a capacitor in parallel with 
the signal (about 25 picofarads per foot.) At microwave frequencies, the 
capacitor's reactance (Xc) becomes so small that the signal will shunt to 
ground. The solution to this problem is the same for dummy loads as it was 
for delay lines; use *i waveguide instead of coax* 

The transmission line between transmitter and dumrny load which is used 

below microwave frequencies is a length of ^ ^ , 

while at microwave frequencies it is a • 



coaxial cable, waveguide 



9^ A waveguide is constructed as a hollow metal cylinder (pipe) or rectangular 
tube as shown in Figure 6* 





Figure 6 



CYLinnRICAL AND RETANGULAR WAVEGUIDES 
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In th9 upper right-hand part of the figure, you can see that the resistive 
element is contained within a piece of waveguide. In the bottom half of 
the figure^ you can see the specially designed flange used to connect the 
waveguide dummy load to the waveguide transmission line. The waveguide 
dummy load converts the microwave frequency eneryy to heat which is dissipated 
by the cooling fins. 

The resistive element in a waveguide dumrny load is contained within a 



11j Both the coaxial ami waveguide (ium\y loads used in ploce of afttenn^s 



are resistive in nature. You tiave Idarned thdl resistive dunmfy loads must 
mept two requirements. These requirements, as applied to antenna dummy 
M js^ are; 

The resistance of the dummy load must equal the output load impedance 
of the transmitter. 

b, T!ie power handling ability of the dumrrtf load must be high enough to 
dissipate the total output power of the transmitter. 

In order to be used in place of an antenna, a coaxial or waveguide dummy 

load ntust have the same value and at least the same 

rating as the transmitter output. 

resistance, power (or wattage) 



waveguide 




74 

74 



TTnrty Three-2 



COOLING 
FINS 



WAVEGUlOE 



i 



FLANGES 

m 



COOLING FINS 



WAVEGUIDE DUMMY LOAD 



CROSS - SECTIONAL VIEW CROSS - SECTIONAL VIEW 



Through a-a 



Through b-b 
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THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE 
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS. 

1. A dumniy load tnade of a mixture of powdered graphite with an adhesive 
compound would be used in place of the normal load on a ( power supply/radio 
transmitter ). 

2. What type of dumniy load would l>e used in place of an antenna at frequen- 
cies in the RF communications range? 

a. Waveguide 

b. Mechanical 

c. Wire wound resistor 

d. Coaxial 

3. What type of dumniy load normally would be used in place of a radar 
antenna? 

a. Reactive 

b. Waveguide 

c. Coaxial 

d. Mechanical 

4. The resistance of the duniniy load used in place of an antenna must be 
( less than/equal to/greater than ) the transmitter's normal output load 
impedance • 
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(iFj) Coaxial and waveguide dummy loads used in place of antennas are not 
perfect energy '•sponges"* Some of the RF energy generated by the radio 
transmitter will leak into space* This stray RF energy may be received by 
sensitive direction-finding equipment which could pinpoint the transmitter's 
location* Now under certain conditions, radio silence may need to be 
maintained* At this time, no one is authorized to transmit into a dummy 
load unless the Commanding Officer gives permission to transmit* 

Dummy loads used in place of antennas absorb ( all/most ) of the RF energy* 

most 

So far you have leained about electrical type dummy loads* There is 
on^ other category of dummy loads, the mechanical dummy load* Mechanical 
dummy loads are devices which simulate mechanical loads* As an example. 
Suppose you wish to test 1f a crane has a 10,000 kilogram lifting capacity* 
Obviously, you wouldn't pick up a 10,000 kilogram boat valued at $100,000 to 
make the test* You would use a mechanical dummy load such as a block of 
lead weighing 10,000 kilograms* Otherwise, you might destroy the boat if 
the crane didn't work properly! Like electrical dunmy loads, mechanical 
durrary loads must simulate as closely as Possible the actual load conditions 
for ^the-eqiwi)ment under test. 

Two major categories of dummy loads are anc^ * 



electrical, mechanical 
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5. What type of dutnniy load would be used to test the lifting capability of 
a crane? 

a. Mechanical 
Resistive 

c* Electrical 

d* Coaxial 
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!• radio transmitter 

2. d. coaxial , 

3. b. waveguide 

4. equal to 

5. a. mechanical ' 



IF YOUR ANSWERS MATCH THE CORRECT ANSWERS YOU HAVE COMPLETED THE PROGRAMMED 
INSTRUCTION FOR LESSON 2, MODULE THIRTY THREE. OTHERWISE GO BACK TO Fl>.M'l 7 
AND TAKE THE PROGRAMtCD SEQUENCE BEFORE TAKING TEST FRAMC M AGAIN. 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YDLI ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY' WITH. IF 
YOU FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THIS LESSON, 
SELECT AND USE ANOTHER WRIHEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS 
(IF APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL 
YOU CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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If you don't know what it does don't fool with it! 
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A duniny load is a device that appears to any equipnent under operation to be 
the nomal load* For exainple^ dummy loads can be attached to a radio 
transmitter or power supply in place of the nonnal loads as shown in 
Figure 2* 




Figure 2 
DUMMY LOAD APPLICATIONS 



In the figure, the normal loads are electrically isolated from Ihe circuits* 
The transmitter or power supply can be operated and tested without the 
problems rt^lated to using normal loads* Dummy loads can be used to replace 
individual circuits within equipments as well as to replace complete equip* 
nient s* 

A resistive dumny load functions by converting the output energy from an 
operating equipment into heat* Tljerefore, many electrical dumniy loads are 
made of resistive tiiaterial* Ordinary resistors often are used as dummy 
loads* 
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NARRATIVt 
LESSON 2 

DuTTfnv Loads 



Many times 1n your electronics career ycu will find it necessary to test 
piece of equipnient vnthout having it connected to its nornial load device. 
Two cotiimon situations are shown in figure K 




(a) (b) 



figure 1 
TEST SITUATIONS 



In Figure l{a}, a radio transmitter is connected to its nomal load, an 
antenna. If you key the transmitter to test it, RF energy would radiate 
from the antenna and cause interference to nornal canmtinication on the 
channel. 

In Figure 1(b), a pow^r supply is connected to one of its ncnnal loads, a 
radio transmitter. In order to troubleshoot the power supply, you need to 
operate it^ This could cause damage to the transmitter's fragile semi- 
conductors. In these examples, you can see a need both to test equipments 
under load conditions and to isolate them fron their normal loads* 
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A: ion ohns the power rating is 400 v;atts. Since the normal load for the 
power supply requires only 100 wa:ts, the rheostat can be used as a dummy 
Joad. In other examples, fixed or variable resistors can be used as dummy 
loads for AC or DC power supplies of any pov^er output. 

Nonnally, the type of resistive dumTry load used to replace the antenna of a high 
DOwer radio transmitter is net a conmon resistor. Because of the larae amount 
0^ iieat produced by the PF energy, a special resistive element is used. This 
element has a center conductor that is a resistive mixture of powdered 
graphite with an adhesive compound* The resistive nixture is formed into a 
:epered cone and connected to a piece of coaxial cable transmission line as 
shown in F1 ^ure 4, 




Fi gure 4 

COAXIAL DUMMY LOAD (CUTAWAY VILV!) 



To accomplish maximum energy transfer* both the coax caole and the dummy 

load must be impedance ;fiatched to the radio transmitter. The output impedance 

of radio transmitters is usually fixed at 50 ohms resistive. 

The rfr^ts^tive element is placed inside a large reat sink made of metal 
r.ooling fins. Figure 5 srows the exterior view of a coaxial dummy load. 
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Ttiere are two requirements for using a resistive d\m\y load to replace a 
normal equipnient or circuit load- Tfiey are: 

K The resistance of the dummy load must be as close as possible to 
the actual value of load resistance (R^). 

2. Tlie pLjer* or voltage, ra :ny of tfie duminy load must be tiigh enough 
to dissipate the pov/er produced by the equipment or circuit. 

Let's look at an example of a resistive dummy load replacing a normal 
load. Suppose a power supply to a number of circuits requires 100 volts and 
draws 1 ampere. By applying Ohm's Law {R=EtI and P=IE)» the load resistance 
is 100 ohms and the load power rating is 100 v/atts. Therefore* the dumn^y 
load rnust have a resistance of 100 ohms, and a power rating of at least 
100 watts. 

Figure ^3 shows a 0-250 ohm rheostat rated at 2 amperes and 1000 watts 
maximum power which can be used as the dummy load. 




Figure 3 
0-250 OHM, 2 AflPERE RHEOSTAT 



The power rating of the rheostat, when set at 100 ohms with 2 amperes of 
Current through it, is ^'^und by again applying Ohm's Law (P^I^R)* 
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A weveguide dummy load basically functions the same as a coaxial dumy load^ 
although there are some design differences. Figure 7 shows various illustra- 
tions of a waveguide dummy load. 

FLANGES 



COOLING 
FJNS 




WAVEGUIDE 

I 



-Z3 



1 



4 




COOLING FINS 



WAVEGUIDE DUMMY LOAD 



CROSS - SECTIONAL VIEW CROSS :^SECTlONAL VIEW 

THROUGH A-A 




\. Flanqe used to bolt 
waveauide duimy load 
to waveauide. 

2r Wavequide extends through 
cooling fins. 

3. Coolina fins. 



Figure 7 
WAVEGUIDE DUMMY LOAD 
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1- Resistive element 
2. RF input connector 
3- Metal cooling fins 

4. Resistive element 
extending down through 
cool ing fins 



COAXIAL DUMMY LOAD (eXieRlOR VIEW) 



In the figure, the RF energy applied to the input is converted to heat» and 
then dissipated into the air by the cooling fins* 

At frequencies in the RF communications range (abc ^00 kHz to about 500 
MH2}» coaxial cable is used to cojple the RF si^ on the transmitter to 
the dumrriy load* However^ coaxial cable normally . not used 3t radar 
microwave frequencies. This is because the capacit ve reactance of the 
cable at microwave frequencies becofiies so sr.iall the: the signal loss is 
high* Tlie signal Ms effectively shunted to ground* "herefore» a waveguide 
is used at microwave frequencies* A waveguide is a jUow metal cylinder 
(pipe) or rectangular tube as shown in Figure 6* 




Fi gure 6 

CYLINDRICAL AND RECTANGULAR WAVE^JiDCS 
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As you can conclude from studying the fiyure, waveguide dummy loads also use 
a resistive cl_']ient, and use Uesl f^inks with cooling fins to dissipote the 
heat. In a v/a'eguide dumnv ^oad, the resistive element is contained within 
a piece of waveguide. Also^ there are specially designed flanges which 
connect the waveguide dummy load to the waveguide transmission line. 

Coaxial and wa- guide dummy loads used in place of antennas must meet the 
same requirements as any other resistive dummy load* 

These requi ren)ents as applied to antenna dummy loads are: 

I- The resistance of the dumny load must equal the output load impedance 
of the transmi tter* 



2- Ttic power handling afiiUty of the dummy load must be high enough to 
dissipate the total output pov/er of the transmitter* 

Condition one is normally automatically met because of the match between 
fixed values of kF dumny loads and companion transmission lines* 

A small amount of the RF energy generated by a transmitter which is connected 
to a coaxial or waveguide dummy load will ^eak into the surrounding space. 
This stray RF energy may be received by sensitive direction finding equipment 
and pinpoint the transmitter's location* Now under certain conditions, 
radio silence may need to be maintained* Therefore, under certain conditions, 
the Commanding Officer must give permission to transmit even into a dummy 
load- 

You have learned about electrical dummy loads. One other category of dummy 
^:^d is the mechanical duf;imy load which is a device that simulates rnechanical 
toads* For example, you would use a mechanical dummy load, such as a block 
of lead v^eight, rather then an expensive boat to test the li '^ ' capability 
of a crane* 

Mechanical dummy loads, like electrical dumniy loads, must simulate as closely 
as possible the act^jal load conditions of the equipment under test* 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK* IF YOU PNSHER ALL 
SELF-TEST mVS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU JORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CflPRECT nf^SWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF Yflll 
FEEL THAT YOl HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT 
ADD USE ANP" '^R WRITTEN nEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF 
APPLICABLE., OR CONSULTATIOrJ WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU 
C^n A,.:.:JER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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33.3.63.7 IDENTIFY the scheniatic symbol, operating characteristics, and 

applications for the varactor diode by selecting the* correct state- 
ment or schematic symbol from a choice of four. 100% accuracy is 
required. 

33.3.63.6 IDENTIFY the schematic symbol, operating characteristics, and 

applications for the triac by selecting the correct statement or 
schematic symbol from a choice of four. 10051; accuracy is reqjired. 



BEFORE^OU START THIS LESSON, READ THE LESSC i LEARNING OBJECTIVES AMD PREVIEW 
THE LIST OF STUDY RESOURCE. ON THE NEXT PAGE. 
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OVERVIEW 
LESSON 3 

Special Solid State Devices 

In this lesson you will be introduced to a number of special devices which are 
being used Increasingly In electronic circuits today* You will become familiar 
with their operating characteristics and some of the most recent applications 
made of them. And you will learn to identify their schematic symbols. 

The learning objectives of this lesson are as follows: 

TERMINAL OBJECTIVE(S) : 

33.3.63 When the student coiTipletes this lesson (s)he will be able to 

IDENTIFY schematic symbols, operating characteristics and applications 
for optoelectronic devices (LED, photodiode, phototransistor, photo* 
cell, solar cell, and optical coupler), the varactor diode, and the 
triac, by selecting statements from a choice of four. 100% accuracy 
is required. 

ENABLING OP^ECTIVES: 

When the student completes this lesson, (s)he will be able to: 

33*3*63.1 IDENTIFY the schematic symbol, operating characteristics, and 

applications for the light emitting diode (LED) by selecting the 
correct statement or schematic symbol from a choice of four* 1003t 
accuracy is required. 

33.3.63.2 IDENTIFY the schematic symbol, operating characteristics, and 

applications for the photodiode by selecting the correct statement 
or schematic symbol from a choice of four. 1005S accuracy is 
required* 

33*3.63.3 IDENTIFY the schematic symbol, operating chaiacteristics, and 

applications for two- and three-terminal phototransistors by select- 
ing the correct . .atement or schematic symbol from a choice of four* 
100% accuracy is required* 

33.3*63.4 IDENTIFY the schematic symbol, operating characteristics, <jnd 

applications for the photocell by selecting the correct statement 
or schematic from a choice of four. 100% accuracy is required. 

33.3.63.5 IDENTIFY the schematic symbol, operating characteristics^ and 
applications for the photovoltaic cell by selecting the correct 
statement or schematic symbol from a choice of four* 100% accuracy 
is required. 

33.3.63*6 IDENTIFY the schematic symbol, operating characteristics, and 

applications for an optical coupler by selecting the correct state- 
ment or schematic symbol from a choice of four* 100? accuracy is 
required. 
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SUMMARY 
LESSON 3 



Special Solid State Devices 



The electronic revolution is produciny a continuous series of new special 
devices. Many of these, although originally created to solve a specific 
problem, are finding seuiiiiigly endless applications. Aniong the more import^rit 
new devices are those 1n the optoelectrofiic group (LEDs, photodiodes, etc.), 
the varactor diode, and the triac. 



Optoelectronic devices either produce or use light in their operation. Their 
schematics typically show two iirrows pointing either away from the haste 
syiiil:>ul (if light is produced) or 1n toward it (if light 1s used). The first 
of these, the Light Emit ting Diode ( "^D) is shown with il^ scnfi^tir; in 
Figure 1. 



The LED is a diode which, when forward biased produces visible light. Their 
extremely small size, low operatiuu voltage and ^ ife make LEOs ideal 
repldc«iients for incandescent bulbs used as panel indic^itors and in displays 
in pocket calculators and tU^ like. Typically, they are used in seven-segment 
displ^s like that shown in Figure 2. 




Figure 1 



LEO 




4 



Figure 2 



SEVEN S^GMEffr LED DISPLAY 
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LIST OF STUDY RESOURCES 
LESSON 3 

Sj^ecial Solid State Devices 



To learn the material in this lesson, you have the option of choosing, accord 
ing to your experience an^ preferences, any or all of the following study 
resources: 

Written Lesson presentation in: 
Module Booklet: 
Summary 

Programmed Instruction 
Narrative 

Student's Guide: 

Summary 
Progress Check 

Additional Material fs): 
None 

Enrichment Material (s): 

The Semiconductor Data Book , 4th edition. Motorola Semi- 
conductor ProductsV fnc» , 1969. 

Tracton, K.; display Electronics ; Blue Ridge Summit^ Pa., 
Tab Books, 19777 



YOU MAY USE ANY, OR ALL, RESOURCES LISTED ABOVE, AND ALSO THE LEARNING 
CENTER INSTRUCTOR. HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY REQUIRED 
TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK KAY BE TAKEN AT ANY TIME. ^ 
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The two-terminal NPN t^'pe^ as an example* consists sii^»p1>' of a iihotodiotic* 
placed in the base-emitter circuit of a transistor* Light int«3nsit>' determines 
the base current* In the three^tenni nal type, an additional lead is used 1.0 
apply an electrical bias to the base which Crtn alter the effect of light 
intensity on trdusistor conductivity (conipensate for ajnlnenr. lifiht levels, 
etc J* 

An older, similar device is the photoconductive cell, or phot o eel 1 , shown 
v;r^h .:s schematic in Figure 5* 




Figure 5 
PHOTO CLLL 



The photo cell is a light-^controlled Vt .ale resistor with a high lig'^'-^to- 
dark ratio — typically 1:1000 or more* Photo cells are used in various iming 
and control circuits, such as automatic streetlight controllers* 

Figure 6 shows the photovo ltaic eel 1 , or solar cell, with schematic* 




Figure 6 

SOLA!: .L 



When expos-f^d to light, the solr-^ cell prc-duces about volt': and a current 
in proportion to its size* Con/iected in series or pdrdllcl lise hatteries, 
solar cells can produce higher voU.<?<ji: > c*n'nfr»:^. Tli.?y t^,;* tr> %l .vid.jly in 
communications satellites and solar-pow(3red homes* 
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This display uses seven LFD segments (or bars) which can be lit in different 
cuinbi nations to form any number from "0" thruugh "9"* Each segment draws 
about 10 mA of curreul when lit* Displays are of the comwn-anode type, as 
shown, or the common-cathode type* Often Sf^veral vlisplays are packaged 
together In a stack, as for 7- or 9-digit calculators* 

A second optoelectronic device, one that uses rather than produces light, is 
the photo diode, sho^^n with schematic in Figure 3* 




Figure 3 



PHOTODIODh: 



The pnotodiode is a light-controlled varial)le resistor* A transparent "window** 
placed over thvi semi-conductor chip allows light to reach the diode* When 
reverse biased, the diode conducts current in direct proportion to the 
intensity of the light source* Photorfiudes are used in computer card readers, 
phototjrdpli ic light meters^ and some types of optical scanning equipment* 

Another light-using optoelectronic device, the phototransist or, is even inore 
Sensitive to light and capable of higher output current than'tlf^e photodSode* 
Four types of ph^'^otrans stors are shown, with scheinatlcs, in Figure 4^ 




Figure 4 

2-TERMNAL ANO 3-TERMINAL PHOTOTRANSISTOR 
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The varactor^ or varicap^ is a diode made to function liix^ variable ca[>acitor* 
This is possible due t*j the ^iff^ict of reverse biasing on the size of the 



depletion 
Figure g. 



^egion surrounding a diode's PN junction, v/hich is illustrated in 



DEPLETION flEOlOH 




JUNCTION — ' 



Figure 9 
PfJ JUNCTION VS. CAPACIT/INCE 



Increasing the reverse bias voltage causes trie depletion reyion to widen into 
an insulating gap comparable to the dielectric in a capacitor. Applying the 
formula C ^ AJK (where A = plate area, K = a constdat vdl-ie, and d - distance 

between plate:)^ it is found that the varactor*s capacitance (C) is inversely 
proportiona l i applied reverse bias. 

Vardctors; have replacL^d variaL'e capacitors in many circuit appl icdt: lOns^ 
especially sl ^histicated tuning circuits. One advantage of the varactor is 
th^t it allovr; a OC voltage to be used to tune a circuit automatically as 
SHuwn in Figure 10. 




— V 



Figure iO 



VARACTOR TU^IED llMK 
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The optical coupler , shown in Figure 7, combines two optoelectronic devices to 
achieve total electrical isolation of circuits. 



The coupler consists of a forward-biased LED and a reverse-biased photodion> 
encapsulated so that c^l^lnlJ^r:> in KU-^. input signals are transmitted by light to 
the output. Couplers like this are suitable for frequencies in the low 
megahertz rar^ye. Where more output is required, couplers canbining a photo- 
transistor wi th an SCR can be used. Optical scanners are replacing transfv^nTiers 
in low voltage and current applications, Siich as digital control circiits. 

The varacto r tiiode, the "irst of two non-optical devices to covered, is 
shown with its schematic in Figure 8, 




r j ijure 1 



OPTICAL COUPLER 





figure 8 



VARACTOR DIODE - PICTORIAL AND SCHEMATIC 
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AT THIS POINT, YOU MAY TAKE THE LESSON PKOQ|?i:SS CHt-XK. IF YOU ANSWER ALL 
SELF-TEST ITEMS CORKKCTLV, YOU MAY TAKE THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU "^U THE APPROPRIATE PAGES, PARAGRAPHS, OR fRAMhS SO THAT YOU CAN 
RESTDDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU FELL 
THAT YOU HAVE FAILED TO UNDERSTANO ALL, OR MOST, OF THE LESSON, SELECT AND USE 
ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF APPLICrSLE), 
OR CONSULATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAI! ANSU£R ALL 
SELf-TEST ITEMS ON THE PROGRESS Cmx COKRECFLY. 
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The variable DC voltage felt at Rl. acts to reverse bias ^aractor diode C3* 
Because C3 is in series with C2 and the equivalent capacitance of C2 and C3 is 
ill |}arallel wfth tank circuit Ll-Cl, any variation in the DC voltage at Rl 
will vary both the cai^^^ci tcinc^^ of C3 and the resonant frequency of the tank 
c i n;u i t* 

triac , the last special device to be covered^ is a three-terfni nal device 
similar to an SCR, as Figure 11 shows. 



GATE 




GATE 



MAIN 

r 




MAIN 
TERMtN AL 
T 



TRIAC 



Figure 11 
TKIAC VS SCR SCHEMATIC SYMBOLS 

The triac is essentially two SCRs back to back* sharing a common gate* It 
controls current flow during both alternations of an AC cycle, instead of only 
one as the SCR does, and conducts in both directions* The triap is widely 
used in circuits whi decontrol light intensity and iTWtor speed. A comparison 
of the waveforms seen at the input* 9^te, and output of the SCR and the triac 
is shown in Figure 12* 




Input 
Voltage 



Gate 
Voltage 



Output 
Voltage r 




Gate 
Trigger 
Level 



SCR 



TRIAC 



Figure 12 
SCR VS TRIAC WAVEFORMS 
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amber depending upon the material used to i^»ake the diode* ItUs are very 
small devices* The actual diameter of the semi -conductor "chip'' may be only 
about one-half. a millimeter* The chip is contained in a larger plastic 
package 3 frm to 6 nm in diameter. 

An illustration of a LED along with its schematic symbol is shown in 
Figure 1* 



As you can see» the LEO is designated by a standard diode symbol with two 
arrows pointing away from the cathode* The arrows indicate light leaving the 
diode* You will find that the schematic symbols for optoelectronic devices 
all have arrows pointing towards them (if they use light) or away from them 
(if they produce light.)* 

A diode which produces red^ green^ or amber light when forward biased is 
called a(n) . * 



LED (or light Emitting DiodeJ 




Figure 1 



LED 
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PROGRAMMED INSTRUCTION 
LESSON 3 

Special Solid State Devices 

TEST FRAMES ARE 6, 12, 17, 26, AND 29. PROCEED TO TEST FRAME 6 FIRST AND SEE 
IF YOU CAN ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST 
FRAME* 

(T^ The electronic revolution is continuing at a rapid pace* Electronic 
circuits are required to do more specialized functions with fewer and smaller 
parts* For example, the needs of the space exploration pr-ograni have led to 
the development of new devices, or the re-design1ng of old devices* In this 
lessen, you will learn about some special solid state devices that are 
becoming increasingly important as a result of our modern electronics technology. 

The first six of the special solid state devices you will learn about fall into 
the coelectronic category* Optoelectronic devices either produce light or 
use light in their operation* 

Special solid state devices which either produce light or use light fall into 
the general group called * 



optoelectronic 

£^ The first type of optoelectronic device you will learn about was developed 
to replace the fiagile power-consuming, short-life incandescent light bulbs 
used as status indicators on control panels, among other uses* This device is 
a Light Emitting Diode (LED)* A LED is a PN junction diode which, when 
fonvard biased, produces a visible light* The light may be red, green or 

99 J 
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(T^ LEDs are low power devices* The normal operating voltage is small ^ about 
K6V forward bias, and the Current drain is generally about 10 mA* The 
power requirement for LEDs is njuch lower than for incandescent (filament) 
l^mps* Also, the 1 ife expectancy of a LED is very long (over 100 , 000 hours 
of operation}* Because of their low power Consumption and long life, LEDs 
Conmonly are used as "power on" indicators and as alpha-numeric displays for 
pocket Calculators, digital voltmeters, and frequency counters* 

When Conpared to incandescent lamps, LEDs have a riiuCh ( higher/lower ) power 
Consumption and a much ( shorter/longer ) life expectancy* 



lower^ longer 



^4^) A LED may be used alone* However, a very common application for the 
device is the segmented LED display such as is found on pocket calculators* A 
typical LED numerical display uses seven LED segments (or bars) which can be 
lit in different combinations to form any number from **0" through '^Srl 
Figure 2 shows a scheiiiatic diagram and illustration of a typical seven-segment 



LED display* 



r 




B 



Figure 2 
SEVEN SEGMENT LED DISPLAY 

m 



(b) 



V 
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Figure 2(a) is the diagram for a common- a node seven-segment display* This 
means that all the anodes are connected internally to udcii other and externally 
to the same potential* when a negative voltage is applied to tf^e proper 
cathodes^ a number is formed* In Figure 2(b), LEDs A, B, C, D, F, and G y^\^^ 
light and produce the number **9" when a negative voltage is applied to their 
cathodes*. Likewise a negative voltage applied to the cathodes of LED*s A, C, D, 

F, and G produces the number *'6*\ Jhe display of numbers "9" and "6" are 
Shown in Figure 3* 




Figure 3 
DISPLAY EXAMPLES 



Of course, common-cathode seven-segment displays are also 3vailable* In 
these displays, all the cathodes are connected to the same potential- When 
you are replacing LED displays* you must make sure that the replacement is of 
the same, type as the faulty displ-ay* Since both LED types may look alike, 
you should check the manufacturer's type number carefully* 

In a common-anode seven-segment LED display, an individual LED will light if 
a negative voltage is applied to its ( anode/cathode ) * 



cathode ; 

" 1D2 
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(T^ Each LED in a seven-segment display is very small* In fact, the actual 
size of a display number may be no larger than a standard typewritten number ^ 
Several seven-segment displays may be put together into a compact package 
containing any number of displays per package* Figure 4 shows a package 
containing seven of these seven-segment displays* 




"\ w V \ \ \ \ 



I 



I 



Fi gure 4 

STACKED SEVEN-SEGMENT DISPLAY DF "4328571" 

The package in the figure could be used for the numbers on a pocket calculator* 

The current drain for each number display in Figure 4 vari?s with the digit 
displayed* For example* the number "1" requires two LED*s to be lit, and draws 
about 2D mA of current (ID mA per segment)* The number "8" requires about 
7D mA of current* 



In Figure 4^ the number "5" draws about 



TT.A of current* 



5D 



ID3 
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@ THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE YDUR 
ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF TKE'pAG^ FOLLOWING THE 
QUESTIONS. 

1* A solid state device is called "optoelectronic" if it 
a* produces light but does not use light. 

uses l^ght but does not produce light* 
c* either produces or uses light* 

USE THE DIAGRAM BELOW TO ANSWER QUESTIONS 2 AND 3* 




Fi gure 5 

2* The diagram is the schematic symbol for what device? 

3* 7he arrows indicate that, the device is designed to 

a, conduct current when light is applied. 

b, produce visible light* 

c* conduct current when heat is applied, 
d* produce heat energy, * 

4, In a common-anode seven-segment display^ all ( cathodes/anodes ) are at the 
same voltage potential* 



5* A pocket calculator contains several cornrnon- anode seven-segr:ient digital 
displays* The display of the digit "l" drav/s ( less current than/the sane 
current as) the display of the digit **8*'. 
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Figure 6 shows a photodiode and its schenatic symbol. 



/ 




Figure 6 



PHOTODIODE 



Notice that tfie symbol for a photodiode has arrows pointing toward the 
standard diode synhol . This indicates that light, is reqi^'red for operation 
of the device. 

The arrows in Figure 6 indicate that a photodiode ( produces/uses ) light while 
operating as a variable ( light source/resistor ). 



uses> resistor 



S*j Photodiodes are packaged so that a transparent "window" is placed over 
the semiconductor chip. The light source is then aimod through the window. 
By switching the light source on and off» you can switch the conduction level 
of the photodiode. By varying the light intensity* you can control the 
amount of conduction. Photodiodes have a fast response to light changes* 
which is a distinct advantage 1n digital applications. Photodiodes are used 
in computer card reoders, paper tape readers* and photographic light meters. 
They also are used in some types of optical scanning equipment. 
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If you vary the amount of light reaching 
in the device f remains constant/varies)^ 
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a photodiodRj the amount of conduction 



varies 

9^ Another optoelectronic device v^hich uses light is the phototransistor . A 
phototransis/tor^ like a photodiocle» conducts current when exposed to light. 
The differe/ce between them is that a phototransistor is much more sensitive 
to light, and produces more output current for a given intensity of light 
than does a photodiode* 

A phototransistor is made by combining a photodiode with a transistor ifs 
Shown in Figure 7, 




Figure 7 
PHOTOTRANSISTOR 



You can see in the figure that a phototransistor is simply a transistor with 
a photodiode placed in the base-emitter circuit* light falling 6n the 
photodiode will change the base current of the transistor* This causes the 
transistor to produce an amplified output collector current* 



lot 
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A phototransistor is made by combining a photodiode with a 

arrj has ( mor e/ less ) output current capability than a pliotodiode* 

transistor, more 

(iF) Phototransistors hav^^e a transparent window over the photodiode's light 
sensitive material* The intensity of the light source on this window deter- 
mines how mtJCli Current the transistor wil 1 conduct* 

A phototransistor may be either of the PNP or NPN type* An illustration of a 
two-terminal (no base lead) phototransistor^ and the schematic symbols for 
PNP and NPN types* are shown in Figure 8* 



Light Window 




Figure 8 
2-TERMINAL PHDTOTRANSISTDR 



You can see that th^= symbol for a phototransistor is similar to the standard 
transistor symbol with the addition of two arrows pointing toward it* 

A phototransistor's conduction varies with the intensity of _ _; on 

the transparent window. 
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{^^J Some phototransi stors have an external base lead. One function of the 
base lead is to allow an electrical bias to be applied to the base which may 
compensate for ambient (normal room) light. This bias allows the transistor 
to operate at the optimum point with normal room light intensity. The tuo-and 
three-terminal phototransistors operate thesame when a separate liyh: source 
is swi tched on* ^ 

An illustration of a three-terminal (with base lead) phototransistor, and the 
schematic symbols for PNP and NPN types, are shown in F.gure 5. 

NP hi Pn P 

riyure 9 
3-TERMINAL PHOTOTKANSI STOfi 

In the figure, notice that the schematic symbols fqy three-terminal photo- 
transistors are very similar to the schematic symbols for tv/o-temi nal 
phototransistors* 

A function of the lead on a three-termi ntil phototransistor is to 

provide a way to control phototransistor conduction under ambient light. 
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(l?) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE VOUR 
ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE 
QUESTIONS- 

1. In order to conduct Current, photodiodes must be ( forward/reverse ) 
bi ased* 

2* As the intensity of an external light source increases^ the conduction 
level of a photodiode ( decreases/remains ttie same/increase s). 

3. A(n) replaces a photodiode in order to 

provide increased conduction for a given light intensity. 

4. An electrical bias can be placed on a ( two/three )-tenni nal phototransi stor 
in order to compensate for ambient light* 

USE THE SCHEMATIC SYMBOLS BELOW TO ANSWER QUESTIONS 5 THROUGH 7. 





b. 





Figure 10 
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5. The schematic symbol for a photodiode is 
a. a 

b* b * 
c* c 
d. d 

6* The schematic symbol for a tvio-terminal phototransistor is 

a. a 

b. b 
c- c 
d. d 

7* The schematic symbol for a three-terminal phototransistor is 

a . a 

b. b 

c. c 
d- d 
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I. 


reverse 


* 2. 


i nc reased 


3. 


phototransistor 


4. 


three 


5. 


b 


6. 


d 


7. 


c 


IF YOUR 


ANSWERS MATCH THE CORRECT ANSWERS YOU MAY GO TO TEST FRAME 17. 



OTHERWISE, GO BACK ^0 FRAME 7 AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING 
TEST FRAME 12 AGAIN. 

(13) A device which uses light and is similar in operation to the photodiode 
is the photoconductive cell^ or photoceU . Photocells have been around for a 
much longer time than have photodiod3S* Like the photodiode^ the photocell 
is a Ifght-controlled variable resistor. Atypical light-to-dark resistance 
ratio for a photocell is 1:10D0, This means that the resistance of the 
device could range from 1000 ohms in bright light to 1000 kilohjns in the 
dark, or from 2000 ohms in the light to 2000 kilohms in the dark* and so on* 
Of course, other ratios also are available. 

V 
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Figure 11 shows an illustration and schematic symbol for a photocell* 



Photocells are used in various types of control and timing circuits as» for 
example, the automatic street light controllers in many cities* 

A photocell is a device that is most similar in operation to a(n) 
a* LED 

b* photodiode 

c* phototransistor 



photodi ode 




Figure 11 



PHOTOCELL 
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^ A device which converts light energy into electrical energy 15 called a 
Photovol aic eel 1 . More popular names you have heard afe. "solar celT' and 
"solar battery". A solar cell is a device that acts like a battery witti 
liaht providing the energy source. An example of a solar cell and the 
schematic symbol are shown in Figure 12. 



In the figure^ notice that the schematic symbol is sirailar to that of a 
battery. This device will produce a voltage of about .45 volts across its 
terminals^ with a current capacity determined by Ht size. Higher voltages 
and currents are produced by series and/or parallel connections of the 
solar cellSj just as in batteries. The device is findiny widespread use in 
communications satellite and solar-powered home ap^pl icati ons . 

The operation of a solar cell most closely resembles the operation of a 

a. LED. 

b. photodiode. 
e. photocel 1 . 
d. battery. 




Figure 12 



SOLAR CELL 
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ISj Often In electronics U is desirable to separate the voltage in one 
electrical circuit from another* yet couple the signal between the circuits. 
Although the coupling capacitor in an RC coupled ampl i f ier^does block DC 
between amplifier stages* the voltage isolation is not complete. Figure 13- 
shows d circuit diagram of a typical coupling capacitor between two amplifiers* 
and the charging current through the capacitor which prevents total isolation. 




COUPLING 
CAPACITOR 



Figure 13 
DC BLOCKING WITH COUPLING CAPACITOR 



The coming of both the LED and the photodiode have made it possible to get 
complete electrical isolation* dnd yet transfer signals between two circuits. 
In ttiis set-up* light becomes the coupling agent. The device which uses 
thi/ principle of transfer is called an optical coupler. The diagram for 
an optical coupler is %ho\m in Figure 14. 



+ o 



ooTwr 




Figure 14 
OPTICAL COUPLER 
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In the figure, the arrows indicate the transfer of light from a LED to a 
photodiode. 

In an optical coupler, the coupling agent is ( electricity/light ). 



light 



L6*) The basic optical coupler is composed of a LED and photodiode in an 
encapsulated housing* The LED operates with forward bias^ while the photo- 
diode uses reverse bias as shown by the polarity signs on the input/output 
leads in Figure 15* ^ 



+ o 




— o 



oinwT 



Figure 15 
OPTICAL COUPLER 

When the input signal causes current through the LED to increase, the light 
produced by the LED also increases* This more intense light passes through 
a light-conducting medium and falls on the photodiode PN junction* Thus, 
more current flows through the photodiode external circtrit* The level of 
current through the photodiode varies in relation to the level of LED 
current. However^ both are electrically isolated* 

The optical coupler is suitable for frequencies in the low megahertz range* 
Also, the photodiode can handle only small currents* However, iphototransistor 
and SCR devices can be used irr opticaj couplers where more output current is 
required. 
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Optical couplers are replacing transformers in low voltage and current 
applications* Sensitive digital circuits can use this device to control 
larg^ currents and voltages with low voltage logic levels. In fact, your 
CMI tests are graded by an optical coupler scanning device* 

A basic optical coupler is composed of a { LED/sol ar battery ) and a 
( photocell /phot od 1 ode ) * 



LED> J)hotodjode 



7J THIS IS TEST A FRAME* COMPLETE THE TEST QUESTIONS AND THEN COMPARE 



YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS* 



1* Two devices which act as variable resistors when exposed to light are 
a* photocells and solar cells* 
b* LEDs and photocel 1 s* 
c* photodiodes and photocells* 
d* sol ar batteries and optical couplers* 

2r A device which produces a voltage when exposed to a light source is a 
a* photodiode* 
b* photovoltaic cell* 

c* photoconducti ve cell."*^' ; 
d* phototransistor* 





\ 
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3* A device which uses light to transfer a signal between a LED and a 
photodiode located in two separate circuits is called a(n} 

a* solar celK 

b* optical coupler* 

c* solar battery* 

d* phototransfstor* 

USE THE SCHEMATIC SYMBOLS BELOW TO ANSWER QUESTIONS 4 THROUGH 6* 




+ o 




; OVTWT 




A. 



The schema 
a* a 
b* b 
c* c 
d* d 



tic symbol foj an opti 



Figure 16 
cal coupler is 



1 ! ; 
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5* The schematic syitibol^ for a solar battery is 

a, a 

b. b ■ ^ 
c*^ c 

d. d 

6* The schematic symbol for a photoconductive cell is 

a. a , 

b. b 
c* c 
0* d 
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n cT photodiodes and photocells. 

2* b* photovoltaic cell. 

3* b* opti cal coupl er^ 

4. b. 

5* a* 

6. d. 

IF YDUR ANSWERS MATCH THE CORRECT ANSWERS YOU MAY GO TO TEST FRAME 26. 
OTHERWISE, GO BACK TO FRAME 13 AND TAKE THE PROGRAMMED SEQUENCE BEFORE 
TAKING TEST FRAME 17 AGAIN. 



18) This lesson has covered optoelectronic devices* You now will learn 



about some other types of special devices that are beconing more important 
as a result of modern solid-state technology. The first one to be covered 
is the varactor diode. A varactor , also called a varicap, is a diode that 
behaves electrically like a variable capacitor. A varactor 4jses the property 
of the PN junction of a diode to replace the dielectric jf a coiiunon capacitor. 

A varactor is a diode that behaves electrically like a variable . 



Operate. You need to becocnc familiar with tliesr principles so that you car. 
understand the operation of varactors and also field-effect transistors 
(FETs) covered in the next lesson. 




capacitor 




some basic principles on hov; varactors 
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As you knovVj a diode consists of two types of naterial: one is P-tyiJe and 
the other is N-type* P-type material has an excess ot positively-charged 
particles* N-type mater^!al has an excess of negatively-charged particles^ 
called electrons^ wKich carry current* (In some textbooks, these P and N 
current carriers are referred to as "majority carriers")* 

Now when a semiconductor device is built with P and N materials^ a PN 
junction is formed as shown in Figure 17* 

DEPL ETIOW HZaiOH 




JUNCTION 



Figure 17 
PN JUNCTION . 

In the figure^ you can see a narrow internal region near the junction in 
which the P and H materials are void of current carriers* This area is 
called the depletion region . 

In a PN junction^ the depletion region 

a. carries an excess of positively-charged particles. 

b. carries an excess of electrons. 

c. is voW of Current carriers. 



is void of Current carriers. 
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(20) The size of the depletion region in a PN junction 1s related to the 
bias and strength of an applied voltage* Recall the rule "like charges 
repel* unlike charges attract"* Therefore, a positive voltage applied to 
the P-type material will repel the positive particles in the material toward 
the PN junction* In a similar jnanner, a negative voltage applied to the 
N-type [naterial will repel the negative particles in the material toward the 
PN junction* This forward bias voltage makes the depletion region smaller 
in size* If the applied voltage is large enough (about *5 volts for 
silicon material), the negative particles will cross the PN junction and 
join with the positive particles* Figure 18 shows this condition. 




Fi gure i8 
FORWARD BIASED PN JUNCTION 

In the figure* the forward bias on the PN junction has caused the depletion 
region to disappear* This produces a low resistance at the PN junction* and 
a large current flow across it* This condition is all right for rectification, 
but not for the varactor diode. The conditions that cause current flow 
through a PN junction are the same as those that occur in any fonvard biased 
diode* 
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When a silicon PN junction has abnut a .5 volt forward bias voltage applied^ 

the depletion region ( increases/decreases ) > causing curre^it to ( flow/stop 
flowing ) across the PN junction. 



deL>-eases> flow 

A varactor diode must be operated with reverse bias. In a varactor^ a 
negative voltage applied to the terminal of the P-tj^pe material will attract 
the positive particles. This causes then to move awaj^ from the PN junction. 
In a similar manner, a positive voltage applied to the terminal of the 
N-tj^pe material will attract the negative particles, causing them to move 
away from the PN junction. This reverse bias voltage increases the size of 
the depletion region. Figure ig shows this condition. 




Figure ig 
REVERSE BIASED PN JUNCTION 



In the figure^ the reverse bias on the varactor has caused the depletion 
region to form a relatively large gap. This produces a high resistance 
between the terminals, and little current flow (only in the uA range). 

A reverse bias voltage applied to the terminals of a varactor causes the 
depletion region to become ( smaller/larjer ). 

^ r-_ — ^— 

• larger . 
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A reverse bias voltage applied to a varactor causes an insulation gap 
to form between the charged particles in the P and N materials. The gap has 
a reduced number of current carrying particles* Therefore, the gap can be 
compared to the dielectric of a capacitor as shown in Figure 20. 





GAP 






m 

m 


m 





/ 



Dielectric 



Figure 20 
PN JUNCTION VS. CAPACITAIJCE 

The same factcrs influence capacitance in a common capacitor and in a 
varactor* T>iese factors include plate area and distance between plates. 
Recall the formula for capacitance; C equals AK divided by d; where A 
equals plate area» d equals distance between plates^ and K equals constant 
for measurement system. 

As you can see» increasing the gap between a capacitor's plates wi^ll decrease 

its capacitance* (Increasing "d" in the formula makes ''C^!..smalTerO Since 

a varactor is a diode that behaves electrically Ifke a capacitor^ the same 

formula applies* By varying the reverse bias on the diode, you can vary the 

width of the "gap"* An ^ncre^se in reverse bias i ncreases the width of the 

gap which reduces the capacitance of the PN junction. Therefore, the 

diode's capacitance is inversely proportional to the applied reverse bias. 

Since the gap only occurs under the. reverse bias condition, varactors are 

always r^^rsed biased for proper operation* 
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As reverse bias increases in a varactor^ the size of the insulation gap 
(increases/decreases) and the capacitance {increases/decreases) ^ 



increases, decreases 



In a varactor diode, the ratio of capacitance change to reverse bias 
voltage change pay be as high as 10 to 1* An example of capacitance change 
to voltage change ratios is shown in Figure 2U 
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REGION 
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(a) (b) 
Figure 21 

VARACTOR-CAPACITANCE VS BIAS VOLTAGE 

In Figure 21(a), the reverse bias is 3 volts which produces a capacitance of 
20 pF* If the reverse bias is increased to 6 volts, the change in reverse 
bias Is 3 volts* In Figure 21(b), you can see that at 6 volts the capacitance 
has dropped to 5 pF, which is a change of 15 pF* Therefore, this example 
shows a 15 pF capacitance change to a 3 volt reverse bias change* Simple 
division shows that tU? change ratio 1s 15 divided by 3, or 5 to K Ifou 
should notice that the increase in reverse bias voltage causes a decrease in 
varactor capacitance* If the reverse bias voltage Kcre decreased, the 
capacitance would increase* Also notice that the value of varactor capaci* 
tance is very Snail (picofarad, 10*12 range)* 
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A varactor diode has a 10 volt reverse bias voltage applied to it* If this 
reverse bias voltage were dropped to 5 volts, the capacitance of the varactor " 
would (decrease/remain the same/increase)* 



24) An illustration and schematic symbol of a varactor are shown in Figure 22* 



Note that the symbol for a varactor diode contains the symbols for both a 
diode and a capacitor* 

Varactors are generally used in the tuning circuits of more sophisticated 
communications equipment* They replace the old style variable capacitor 
tuning* .They also may be used in other circuits where a small variable 
capacitance is required* One advantage of this device is that a DC voltage 
can be used to tune a circuit for simple remote control and^automatic tuning 
functions. 

The schematic symbol for a varactor contains the symbols for a 

and a . 



increase 






Figure 22 



VARACTOR DIODE - PICTORIAL AND SCHEMATIC 



diode, capacitor 
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Let's place a varactor diode into a circuit to see how it functions. A 
common application for the varactor is to function as a variable tuning 
capacitor in the tank circuits of receivers and transmitters. An exainple is 
s)iowf) in Fi gure 23. 




TO OSCILLArOR, AMPUFtEft, CtC. 



Figure 23 
VARACTOR rUNED TANK 

In the figure, a DC voltage is felt at the wiper of potentiometer Rl, and 
may be adjusted between +V and -V. This DC voltage is passed through the 
lov7 resistance of L2, a radio frequency choke, to varactor diode C3. This 
DC voltage acts to reverse bias the diode. Now the capacitance of C3 is in 
series with C2. Also, the equivalent capacitance of C2 and C3 is in parallel 
with tank circuit Ll-Cl. Thus any variation in the DC voltage at the wiper 
of Rl varies both the capacitance of C3 and the tank circuit resonant 
frequency. T>)e radio frequency choke provides a hiA inductive reactance at 
the tank frequency to prevent tank loading by M^T ZZ acts to block DC from 
the tank, and fixes the tuning range of C3. You may use an otmmeter to check 
the resistance of a varactor diode in a circuit just as you would to check 
any other diode. You would expect to find a high reverse bias resistance^ 
and a low forward bias resistance. A 10 to 1 ratio of reverse bias resistance 
to forward bias resistance would be considered normal. 

J 
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A varactor diode is in parallel to the input of a tuned tank in a radio 
receiver. If the reverse bias voltage on the varactor is chanyed^ the 
frequency of the tank circuit ( remains the same/changes ). 



26) THIS IS A TEST FRAME* COMPLETE THE TEST QUESTIONS ANO THEN COMPARE 



YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS. 

1* A varactor diode behaves electrically like a variable . 

2* The size of the depletion region gap in the varactor diode illustration 
below indicates which bias condition applied to the varactor? 



changes 




GAP 




Figure 24 



forward bias 



reverse bias 



c* zero (0) bias 
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A varactor diode is in parallel to the input of a tuned tank in a radio 
receiver* If the reverse bias voltage on the varactor is changed, tlie 
frequency of the , tank circuit ( remairts the same/changes ). 



changes 



(26) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE 
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS. 



1. A varactor diode behaves electrically like a variable 



2. The size of the depletion region gap in the varactor diode illustration 
below indicates which bias condition applied to the varactor? 




Figure 24 



a* forward bias 
b* reverse bias 
c* zero (0) bias 
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3. As the size of the depletion region around the PN junction in a varactor 
increases, the across the PN junction decreases. 

a* Capacitance 

b. frequency 

c, resistance 
d* inductance 

4. Which of the following figures is the schematic symbol for a varactor? 






Figure 25 



a* a 
b. b 
c c 
d. d 

5, If you were using an ohmrneter to measure the resistance of a properly 
functioning varactor in a circuity you would expect to find a [ lov//high ) 
fon>ard bias resistance and a ( low/high )^/reverse bias resistance. 
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n capacitor ' 

2* b* reverse bias 

3* a* capacitance 

4. b. 

5^ low, high 

IF ALL YOUR ANSWERS MATCH, GO ON TO TEST FRAME 29. OTHERWISE, GO BACK TO 
FRAME 18 AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 26 
AGAIN, 



The last special device covered in this lesson is the triac . A triac 
is similar to an SCR (silicon-controlled rectifier)* The difference between 
them is that a triac controls current flow during jboth alternations of an AC 
cycle instead of only one alternation, as in the SCRTx Jn other words, the 
triac is an AC device that conducts in both dire^tTorfs* 

In operation, the triac is essentially two SCR^with a common gate* Figure 
26 shows the labeled schematic symbols for both an SCR and a triac. 

GfrTE- 



GATE 





MAIN 

TERMtN AL 

2 



SCR T*^'" 



Figure 26 
iKIAC VS SCR SCHEMATIC SYMBOLS 
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In the figure, the triac is shown to coerate like two back-to-back SCRs* 
Notice the differences between them in labeled leads* In the tr1ac» the 
lead on the same side as the gate is called "main terminal 1"* The leed 
opposite the gate is called "main terminal 2"* Since the triac is an AC 
device* either tenninal may be the input. 

A triac is an AC device that operates like two back-to-back * 



SCRs (or sil icon-contrc! led rectifiers) 



By A triac may be formed by connecting two SCRs as shown in Figure 27, 



1 o 



SCR 1 

■M- 




0 2 



SCR 2 

6ACK-T0-6ACK SCRs 



Of course,' this connection forms a three terminal device. The anode-cathode 
connections form two terminals, and the common gates form the third. 
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Now let's connect the triac into a circuit to show how it can control 
Current through a load. Look at Figure 28* 



TBUC 




SCR VS TRIAC CIRCUITS 

In circuit (a), the SCR is connected in the familiar half-wave arrangment* 
Current will flow through the load resistor (R^^) for one alternation of each 
input cycle* Diode CRl is necessary to ensure a positive trigger voltage* 

In circuit (b)» the triac is inserted in place of the SCR. Current will 
flow through the load resistor during each alternation of the input cycle* 
This current will be in reverse directions for each half of the Input 
cycle. 
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This can best be seen by comparing the waveforms for each circuit shown in 
Figure 29. " 



Gate I 
Trigger I 
Level ! 




input 
Voltage 



■^v. Gate 



+ 

0 



SCR 



Output - v/m 
Voltage - 



Figure 29 




Gate 
Trigger 

Level 



Voltage -\ 



TRIAC 



SCIMRIAC CURRENT WAVEFORMS 



As you can see, the SCR produces ah output waveform over a portion of one 
alternation of the input cycle. The tri ac, produces an output waveform over 
a portion of both input cycle alternations* The triac is finditig widespread 
use in motor» light, temperature, and other control devices* 

A device which conducts during a portion of both half-cycles of an input AC 
voltage is the ( diode/SCR/triac ). 



triac 
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2y THIS IS A TEST FRAME. COMPLETE THE TEST. QUESTIONS AND THEN COMPARE 
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING 
THE QUESTIONS. 

U A triac operates like two back-to-back SCRs with a coitmoh , 

2. A tr?ac conducts over a portion of the 

a* positive alternation of the input cycle only* 
b* negative alternation of the input cycle only* 
c* positive and negative alternations of the input cycle* 
3* Which of the following figures is the schematic symbol for a triac? 





a* 
b* 
c* 
d* 



Figure 30 
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1 . gate 

2. c. positive and negative alternations of the input cycle. 

3. d. 



IF YOUR ANSWERS HATCH THE CORRECT ANSWERS, YOU HAVE COMPLETED LESSON 3, 
MODULE 33 — CONGRATULATIONS! IF YOUR ANSWERS DO NOT HATCH, GO BACK TO 
FRAME 27 AND- TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 29 
AGAIN. 

AT THIS POINT, YOU HAY TAKE TftE LESSON PROGRESS CHECK. IF YOU ANSWER ALL 
SELF^TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PARES, PARAGRAPHS, OR FRAMES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU 
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR HOST, OF THE LESSON, SELECT 
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF 
APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU 
CAN ANSWER ALL SELF- TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 



138 135 
ERIC 



Narrative 



Thirty Three-3 



NARRATIVE 
LESSON 3 



Special Solid State Devices 



The electronic revolution is continuing at a rapid pace: As new needs ^ 
arise, electronic circuits are required to perform more and nore specialized 
functions with fewer and smaller parts. For example, the needs of the space 
exploration program have led to the development of many new devices and the 
re-designing of old ones. Among the specialized devices resulting from 
recent technological advances are those In the optoelectronic group--the Light 
Emitting Diode (LED), photodiode, etc. — the varactor diode, and the triac. 

Optoelectronic devices either produce li^ht or use light in their operation. 
The first of these, the Light Emitting Diode (LED), was developed to replace 
the fragile, short life incandescent light bulbs used to indicate on/off 
conditions on panels* A light emitting diode is a diode which^^ when forward 
biased, produces visible light. The light may be red, green or amber 
depending upon the material use to make the diode. LEDs are very small, 
consisting of a semi-conductor "chip" only a few tenths of a millimeter in 
diameter contained in a larger plastic package 3 wn to 6 mm in diameter. 

Figure 1 shows a nj) and its schematic symbol. 



The LED is designated by a standard diode symbol with two arrows pointing 
away from the cathode. The arrows indicate light leaving the diode. The 
circuit symbols for all optoelectronic devices have arrows pointing either 
towards them (If they use light) or away from them (if they produce light). 

Because their operating voltage is small (about 1.6 V forward bias, and 
current generally about 10 mA} and their life expectancy is very long (over 
100,000 hours of operation), LEDs are used widely as "power on** indicators 
and displays for pocket calculators, digital voltmeters, and frequency 
counters. 




Figure 1 



LED 



4 



139 



Narrative 



Thirty Three-3 



fWRRATIVE 
USSOK 3 



S pecia 2_ 5o1id Sta te Devices 



The electronic revolution is continuing at a rapid pace. As new needs 
arise, electronic circuits are required to perform more and more specialized 
functions with fewer and smaller parts* For example, the needs of the space 
exploration program have led to the development of many new devices and the 
re-designing of old ones. Among the specialized devices resulting from 
recent technological advances are those in the optoelectronic group—the Light 
Emitting Diode (LED), photodiode, etc*--the varactor diode, end the triac* 

Optoelectronic devices either produce lipht or use light in thei r operation. 
The first of these, +he Light Emitting Diode (LED), was developed to replace 
the fragile, short life incandescent light bulbs used to indicate on/off 
conditions on panels. A light emitting diode is a diode which, when forward 
biased, produces visible light. ^The light may be red, green or amber 
depending upon the material use to make the diode. LEOs are very small, 
consisting of d semi-conductor "chip" only a few tenths of a millimeter in 
diameter contained in a larger plastic package 3 mm to 6 mm in diameter. 

Figure 1 shows a LtD and its schematic symbol. 



The LED is designated by a standard diode symbol with two arrows pointing 
away from the cathode. The arrows indicate light leaving the diode. The 
circuit symbols for all optoelectronic devices have arrows pointing either 
towards them (if they use light) or away from them (if they produce light). 

Because their operating voltage is small (about 1.6 V forward bias, and 
current generally about 10 mA) and their life expectancy is very long (over 
100,000 hours of operation)^ LEDs are used widely as *'power on** indicators 
and displays for pocket calculators, digital voltmeters, and frequency 
counters* 




Figure 1 



LED 
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For use in calculators and the like* LEDs are typically placed together in 
seven-segment displays* as shown in Figure 2* 
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Figure 2 
SEVEN SEGMENT LED DISPLAY 



(b) 



This display uses seven LED segments (or bars) which can be lit' in different 
combinations to form any number frofn *'0" through "9"* The schematic^ Figure 
2{a), shows a comrnon-anode disploy* All anodes in a display are internally 
connected* When a negative voltage is applied to the proper cathodes* a 
number is formed* For example, if negative voltage is applied to all 
cathodes except that of LED "E", the number "9" is'produced* Applying a 
negative voltage to LED "E" and removing it fron LED "B" changes the "9" to 
a "6*\ as Figure 3 shows* 




Figu^^e 3 
DISPLAY EXAMPLES 
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Seven segment displays are also available in coimon-cathode fom, in which 
all cathodes are at the same potential* When replacing LED displays, care 
must be taken to insure the replacement display is of the same type as the 
faulty display* Since both types look alike, it is a good idea always to 
check the ^.manufacturer's number* 

LED seven segment displays range from the very small, often not much larger 
than standard typewritten numbers, to about an inch* Several displays may 
be combined in a package such as that shown in Figure 4* 



Current drain for any single display varies depending on which number is 
being shown* For example, the number "1" in Figure 4 requires two LEDs to 
be lit and draws about 20 mA of current (approximately iDmA per segment)* 
The number 8, which uses all seven seyments, requires about 7D mA* 

Another special optoelectronic device in coimon use today is the photodiode* 
Unlike the LED, which produces light, the photodiode uses light to accomplish 
special circuit functions* Basically, the photodiode is a light-controlled 
variable resistor* In tcr.al darkness, it has a relatively high resistance 
and therefore conducts little current* However, when the PN junction is 
exposed to an external light source, internal resistance decreases and 
current flows* The photodiode is operated with reverse-bias ^ and conducts 
current in direct proportion to the intensity of the light source* 




Figure 4 



STACKED SEVEN SEGMENT DISPLAY OF "4328571 



II 




Figure 5 



PHOTO DIODC 
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Figure 5 shows a photodiode with its schematic. The arrows pointing toward 
the symbol indicate that light is required for operation of the device/ A 
transparent **window" placed over the semi-conductor chip allows a light 
source to be aimed at it. By switching the light source on or off the 
conduction level of the photodiode is changed* By varying the light intensity, 
the amount of conduction can be controlled* Because photodiodes respond 
quickly to changes in light intensity, they are extremely useful in digital 
applications such as computer card readers, paper tape Readers, and photo- 
graphic light meters. They are also used in some types of optical scanning 
equipment* 

A second optoelectronic device which conducts current when exposed to light 
is the phototransistor. A phototransistor, however, is much more sensitive 
to light and produces more output current for a given light intensity than 
does a photodiode. 




Figure 6 
PHOTOTRANSISTOR 



Figure 6 shows one type of phototransistor, made by placing a photo-diode in 
the base-emitter circuit of an NPN transistor. Light falling on the photodiode 
changes the base current of the transistor, causing the collector current to 
be amplify. Phototransistors may also be of the PNP type, with the 
•photodiode placed in the base-collector circuit. 

Phototransistors may be of the two-terminal type as shown above, where the 
light intensity on the photodiode alone determines how much current will be 
conducted. There are also, however, three-terminal types* These have an 
added base lead which allows an electrical bias to be applied to the base. 
The bias allows an optimum transistor conduction leve^, and thus compensates 
for ambient (normal room) light intensity. 
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Figure 7 shows illustrations and schCTatic symbols for the various types of 
phototransistors. 




Figure 7 

2-TERMlNAL AND 3-TERMINAL PHOTOTRANSISTORS 



An older device which uses light in a way similiar to the photodiode is the 
photoconductive cell* or photocel 1 , shown with its schematic symbol in 
Figure 8. 




Figure 8 
PHOTOCELL 



Like the photodiode* the photocell is a light-controlled variable resistor. 
However* a typical light to dark resistance ratio for a photocell is 1:1000. 
This means that its resistance could range from 1000 ohms in the light to lOOOK 
ohms in the dark» or from 2000 ohms in the light to 2000K ohms in the dark* 
and so forth. Of course* other ratios are also available. Photocells are 
used in various types of control and timing circuits as* for example* the 
autoc.iatic street light controllers in most cities. 
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The photovoltaic ceH , or solar cell, is a device which converts light 
energy into electrical energy* An example of a solar cell and the schematic 
symbol are shown in Figure 9* 



The symbol is similar to that of a battery, and the device ttself acts much 
like a battery when exposed to light, producing about ,45 volts acrrss its 
terminals, with a current capacity detennined by its size* As wUh batteries, 
solar cells may be connected in series or parallel to produce higher voltages 
and currents* The device is finding widespread application in communications 
satellites and solar-powered homes* 

khen it Is necessary to block the voltage between one electronic circuit and 
another, while at the same time transfering the signal, an amplifier coupling 
capacitor is often used as shown in Figure 10* 




Figure 9 



SOLAR CELL 




COUPUNO 
CAPACITOR 



Figure 10 



DC BLOCKING WITH COUPLING CAPACITOP 
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Although this method of coupling does block DC between the circuits, voltage 
isolation Is not complete. A newer method, making use of optoelectronic 
devices to achieve electrical isolation, is the optical coupler, shown in 
Figure IK 



The coupler Is composed of a LED and a photodiode encapsulated in a light 
conducting medium. As the polarity signs in Figure 11 show, the LED is 
forward-biased, while the photodiode is reve**se-biased. When the input 
signal causes current through the LED to increase, the light. produced by the 
LED increases. This Increased light intensity' causes current flow through 
the photodiode to increase* In this way, changes in input current produce 
proportional changes in the output, even though the two circuits are 3lectri- 
cally isolated. 

The optional coupler is suitable for frequencies In the low. inegahertz range. 
The photodiode type shown above can handle only small currents; however^ 
other types of couplers, combining phototransistors with SCRs (silicon 
controlled rectifiers), can be used where more output is required. Dptical 
couplers are replacing transformers in low voltage and current applications* 
Sensitive digital circuits can utilize the coupler to control large current 
and voltages with low-voltage logic levels* The scanning device used. to 
grade CMI tests in this course is, in fact, one example of a device which 
uses an optical coupler* 

This discussion of special soMd state devices will conclude with the 
varactor diode and the triac. Neither of these is an optoelectronic device, 
but both represent important breakthroughs in recent solid-state technology* 




Figure 11 



OPTICAL COUPLER 
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Figure 12 shows a varactor diode with its schenatic, 




Figure 12 

VARACTOR DIODE - PICTORIAL AND SCHEMATIC 



The varactor » or varicap* as the schematic suggests* is a diode that behaves 
like a variable capacitor* with the PN junction functioning like the dielectric 
and plates of a common capacitor* Understanding how the varactor operates i$ 
an important prerequisite to understanding field-effect transistors* covered 
in the next lesson* 

DEPL ETION REOION 




JUNCTION 



Figure 13 
PM JUNCTION 



Figure 13 shows a PN junction* Surrounding th^r junction of the P and N 
materials is a narrow region void of both positively and negatively charged 
current carriers. This area is called the depletion region . 
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Tiie size of the depletion region in a varactor riiode is directly related to the 
uias dnd strength of applied voltage. Forward biasing makes the reyion 
smaller by repelling the current carriers toward the PN junction* If the 
applied voltage is large enough {ahout ,5 volts for silicon material) the 
negative particles will cross tlie junction and join with the positive particles^ 
as shown in Fiyurc 14, 




Figure 14 
FORWARD BIASED PM JUNCTION 



Tfiis forward biasiny caused the depletiun region to decrease^ producing a 
low resistance at the PH junction and a large current flow across it* This 
is the condition for a forward biased diodc» but not the varactor. 

On the other hand^ if reverse hias voltage is applied to the PN junction the 
size of its depletion region increases as the charged particles on both sides 
novc away fror.) the junction* This condition^ shown in Figure 15» produces a 
high resistance between the teminals and allows little current flov*' (only in 
the ua range)* This is the operating condition for the varactor riiode^ which 
is nothing nore than a special PN junction* 




Figure 15 

RlVERSE ClASED PN JUNCTION VS* CAPACITANCE 



AS the fiyi>re shnws^ the insulation gap formed by reverse hiasing of the 
varactor is comparablt to the layer of dielectric material hetween the plates 
of a common capacitor* 
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Furthermore^ the formula used to calculate capacitance: C = M( (where 

d 

A* plate area» K * a constant value» and d - distance between plates) can be 
applied to the varactor in the same way that it can to a capacitor* In 
this case» the size of the varactor's insulation gap» or depletion region^ 
is substituted for the distance between the capacitor's plates* By varying 
the reverse bias voltage applied to the varactor^ the width of the *'gap" may 
be varied* An increase in reverse bias increases the width of the gap (d) 
which reduces the capacitance (C) of the PN junction* Therefore/the 
varactor* 5 capacitance is inversely proportional to the applied reverse 
bias* 

The ratio of varactor capacitance to reverse bias voltage change may be as 
high as 10 to 1. Figure 16 shows one example* 



20pf Spf 




3v 6v 

(a) Figure 16 f*) 



VARACTOR - CAPACITANCE VS PIAS VOLTAGE 

Figure 16(a) shows that a reverse bias of 3 volts produces a capacitance of 
20 pf in the varactor. If the reverse bias is increased to 6 voUs» as shown 
in Figure 16(b)^ the depletion' region widens and capacitance drops to 5 pf* 
Each 1 volt increase in bias voltage causes a 5 pf decrease in the varactor's 
capacitance; the ratio of change is therefore 5 to 1* Of course any decrease 
in applied bias voltage would cause a proportionate increase in capacitance^ 
as the depletion region narrows. Notice the value of the capacitance 1s 
small J in the picofarad range* 
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Varactors are in general use in tuning circuits of more sophisticated communi- 
cations equipment, replacing the old style variable capacitor tuning, and in 
other circuits where variable capacitance is required* One advantage of the 
varactor is that it allows a DC voltage to be used to tune a circuit for 
simple remote control or automatic tuning functions* One such application of 
the varactor is as a variable tuning capacitor in a receiver or transmitter 
tank circuit like that shown in Figure 17* 



4-V 



Caj 

RFC =10* 



TO OSCltlArOa AIIPUREf^ •tc 



— V 

Figure 17 
VARACTOR TUNED TANK 

Figure 17 shows a DC voltage felt at the wiper of potentiometer Rl which can 
be adjusted betweeen +V and -V* This DC voltage, passed through the low 
resistance of radio frequency choke L2, acts to reverse bias varactor diode 
C3* The capacitance of C3 >s in series with C2, and the equivalent capaci- 
tance of C2 and C3 is in parallel with tank circuit Ll-CU Therefore* any 
variation in the DC voltage at Rl will vary both the capacitance of C3 
and the resonant frequency of the tank circuit* The radio frequency choke 
provides high inductive reactance at the tank frequency to prevent tank 
loading by Rl, C2 acts to block DC from the tank as well as to fix the 
tuning range of C3* 

A varactor diode in a circuit can be checked in the same way as would any 
diode, using an ohtnmetitr* A high reverse bias resistance and a low forward 
bias resistance woulci be expected, and a 10 to 1 ratio in reverse to forward 
bias resistance would be considered normal* 



The triac , the last special device to be covered, is a three-teminal device 
similar in construction and operation to an SCR (silicon controlled rectifier). 
The difference between them is that the triac controls current flow during 
both alternations of an AC cycle, instead of only one as the SCR does, and 
conducts current in both directions* 
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The schematic symbols for the SCR and the triac are compared in Figure 18, 

GATE 

ANODE/ ICATHODE "^Mm^JM ^^I^NAL 



SCR TRIAC 

Figure 18 

SCR VS TRIAC SCKEMATIC SYMBOLS 





Although both the SCR and the triac have a gate lead, in the triac the lead 
on the same side as the gate is called '*mair terminal 1' and the lead opposite 
the gate is called '*main terminal This change in lead labeling is 
necessary because the triac is essentially two SCRs back to back, with a 
common gate and common tenninals. Each terminal 1s, in effect, the anode of 
one SCR and the cathode of another, and either terminal can receive an input. 

In fact, the functions of a triac can be duplicated by connecting two actual 
SCRs as shown in Figure 19, 

SCR 1 




SGR 2 

Figure 19 



BACK'TO'BACK SCRs 



The result is a three-terminal device identical to the triac. The common 
anode-cathode connections form main terminals 1 and 2, and the common gate 
(3) forms the third. 
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The difference in current control between the SCR and the tnac can be seen 
by comparing their operation in the basic circuit from Module '30, Lesson 3 
shown in Figure 20* 



SCR 1 



(a) 



TItlAC 




T1 



INPUT •< 




(b) 



Figure 20 
SCR VS TRIAC CIRCUITS 



In circuit (a), the SCR is connected in the familiar half-wave arrangement* 
Current will flow through the load resistor (Rl) for one alternation of 
each input cycle* Diode CRl is necessary to ensure a positive trigger 
voltage* 

In circuit (b), with the triac inserted in place of the SCR, current flows 
through the load resistor during both alternations of the input cycle* 
Because either alternation will trigger the gate of the triac, CRl is not 
required in the circuit* Current flowing through the load will reverse 
direction for half of each input cycle* 



To clarify this difference, a comparison of the waveforms seen at the input, 
gate, and output points of the two devices is shown in Figure 21* 



Gate 
Trigger ' 
Level 




SCR 



Input 
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Gate 
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Output + 
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Figure 21 
SCR VS TRIAC WAVEFORMS 
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AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OF FRAMES SO THAT YOU CAN 
RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU FEEL 
THAT YOU HAVE FAILED TO UNDERSTAND ALL» OR HOST, OF THE LESSON, SELECT AND 
USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF APPLIC- 
ABLE),' OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN 
ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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OVERVIEW 
LESSON 4 

Field Effect Transistors 



In this lesson you vnll learn the operating characteristics of two types of 
field effect transistors, JFETS and MOSFETS. You will understand how these 
devices are constructed* how they use voltage to control conduction, and how 
they achieve higher input impedance than the bipolar transistor. You will 
learn the special handling precautions necessary for HOSFETS and the proper 
methrds and equipment for troubleshooting both FET devices. 

The learning objectives of this lesson are as follows: 

TERMINAL OBJECTIVE(S): 

33.4*64 When the student completes this lesson* (s)he will be able to 
IDENTIFY the schematic symbols* construction* operating 
characteristics and methods for handling and testing field- 
effect transistor devices, by selecting statements from a 
choice of four, 100% accuracy is required. 



ENABLING OBJECTIVE (S ) : 

When the student completes this lesson, (s)he will be able to; 

33.4.64.1 IDENTIFY the schematic synfcol* construction, and operating 
characteristics of N^cha^nel and P-channel OFET devices by 
selecting the correct statement or schematic symbol fron] a 
choice of four. 100% accuracy is required, 

33*4.64*2 DEFINE *'pinch-off" voltage as it applies to JF&T operation 
by selecting tbe correct statement from a choice of four. 
100% accuracy is required. 

33.4.64.3 IDENTIFY the schematic symbol, construction, and operating 

characteristics of single-gate and dual-gate MOSFET devices by 
by selecting the correct statement or schematic symbol from 
a choice of four* 100^ accuracy is required. 

33.4.64*4 IDENTIFY the proper methods and equipment to use vhen handling 
find troubleshooting FET devices by selecting the correct 
statement from a choice cf four. 1001 accuracy is required. 



BEFORE YOU START THIS LESSOK, READ THi LESSON LEARNING OBJECTIVES AND 
PREVIEW THE LIST OF STUDY RESOURCES Di; THE NEXT PAGE. 
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LIST OF STUDY RESOURCES 
LESSON 4 

Field Effect Transistors 



To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the follovnng 
study resources; 

Written Lesson presentation in: 

Module Booklet: 

Summary 

PrograiTiTiied Instructton 
Narrative 

Student 's Gutde: 

Summary 
Progress Check 

Additional Material(s): 

Audio/Visual Program: "Field Effect Transistors'* (Video Tape) 

Enrichment Material(s): 

The Semiconductor Data Book , 4th Edition, Motorola Semi- 
conductor Products, Ind*, 1969* 

RCA Transistor, Thyristor, and Diode Manual , RCA Corpora- 
tion, 197K , 



YOU MAY USE ANY, OR ALL, RESOURCES LISTED ABOVE, AfiO ALSO THE LEARNING 
CENTER INSTRUCTOR, HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY REQUIRED 
TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT ANY 
TIME. 
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SUMMARY 
LESSON 4 



Field Effect Transistors 



Impedance matching problems, resulting frofn the bipolar transistor's low 
input impedance, have for years lead scientists to search for a solid state 
device that retains the high input impedance of the vacuum tube. The result 
is the field-^effect transistor ^ or FET. Whereas the bipolar transistor 
uses bias current to control conductivity, the FET is voltage-controlled, 
much like a vacuum tube. 

Figure 1 shows how one type of FET, the junction type, or JFET^ is constructed. 



The three elenents of the JFET operate like the familiar transistor and 
vacuum tube elements, "gate" like base and grid, and *'source*' and "drain" 
like emitter/collector and cathode/plate, respectively. The main body of 
this type of JFET is a bar of N-type material, connecting source and drain 
elements. Deposits of I*-type material on either side are connected to form 
the gate element and create a narrow "channel" in the bar. 



The key to FET operation is the effective cross-sectional area of the chanrel, 
which can be controlled by variations in the voltage applied to the gate. 
This is demonstrated in the figures that follow. 




Figure 1 



JFET 
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Figure 2 shows how the JFET operates in a zero g?te bias condition. 



GATE 




DRAIN 



Figure 2 

^.-^ JFET OPERATION.ZERO GATE BIAS 

With the gate terminal tied to ground (0 volts), a drain supply (Vpp) of 5 
volts giyfes a drain curreot (Iq) reading ot 10 mA. In this condition, the 
bar reoresents a resistance of about 500 ohms* 

InPlgure 3, a small reverse bias. is applied to the JFET's gate. 



QAT£ 



GG 



r: 




oePLETION REGION 



I SOURCE 



Figure 3 
JFET OPERATION - REVERSE BIAS 
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One negative volt (Vqq) applied to the gate causes a reverse bias condition 
at the PN junction of the JFET* The resulting "depletion region" reduces 
the effective cross-sectional area of the channel » thus increasing source-to- 
drain resistance (to about 1 K Ohms) and decreasing current flow as shown. 

The high gate input impedance of the JFET under reverse gate bias conditions 
can be seen by connecting a microammeter in series with Vq^ as shown ^'n 
Figure 4* 



The very small amount of current flow \5 microamps) results in a gate input 
impedance of about 2 megohms* By contrast* a bipolar transistor with a 
forward biased base-enitter junction^ would provide in the vicinity of 1000 
ohm or less* 




Figu^ e 4 



JFET INPUT IMPEDANCE 
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JFETS can be either N-chnnnel type* as shown in the above example* or 
P-channel type* Operation bias voltages* and schematic symbols for the two 
types are compared in Figure 5* Note the bias voltage potentials are 
reversed for the two JFET types* just as for bipolar transistors* 




DfiAIN 



SOUfiCE 



GATE 
O— 



N-CHAMNEL JFET 



QDRAIN 



SOURCE 




<4-} OSOUftCE 




DRAIN 



SOURCE 



P-CHAHNEL JFET 
Figure 5 

SYMBOLS AND PICTORAL WITH BIAS VOLTAGE -JFETS 



J 57 
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Figure 6 demonstrates the operation of an N-channel JFET ?n a basic comrnon- 
source amplifier circuit* 




Figure 6 

F£T COMMON SOURCE AMPLIFIER 

CirCu. characteristics include high input impedance and a voltage gain of 
Jibou ZO (20 dbO* The function of components and the 180*^ phase shift are 
simi to those in common-cathode VT and common-emitter transistor circuits* 
The son for the phase shift here is the effect of the input signal on the 
JFET gate bias. On the positive alternation, reverse bias is decreased* 
This creases the channel's effective cross-section, decreases ^ource-to-dra 
resisii^nce, and increases current. The result is an increase in the voltage 
drop across R3 and a decrease in drain voltage. On the negative alternation, 
reverse gate bias is increased, and circuit action is reversed* 

An F£T with even higher input impedance than the JFET is the *'metal oxide 
semiconductor field-effect transistor" or MOSFET. Its extremely high input 
impedance, 10 to 100 million megohms (lO^^-lOl^ ohms), will not load 
down preceeding circuits and makes the MOSFET an extrenely efficient input 
devi ce. 



iry-y 
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Figure 7 shows how one type of MDSFET, the N-channel type, is made. 




Figure 7 

N-CHANNEL HDSFET CONSTRUCTION 

The MOSFET is i four-element device. Source and drain elements are connected 
by a "channel" of N-type material just as in an N-channel JFET. The channel 
material forms a PN junction with the "substrate** material. Although 
biasing the substrate element permits control of the MOSFET's gain character- 
istics, often the substrate terminal is connected directly to the source 
terminal ^nd the biasing capability is not used. 

The gate element is made of metal and is electritally insulated from the 
source-drain channel by a layer of silicon oxidel (SiOj). This total 
insulation results in the MOSFET's extremely high input impedance and gives 
rise to another common name for the device: ''i'hsulated gate field effect 
transistor," or IGFET. 
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HOSFETs can be N-channel or P-channel , and single-gate or dual-gate* 
Schematic symbols for dual-gate MOSFETs fonly) are show in Figure 8. 




MULTI-GRID VT 




6 SOURCE 



Figure 8 
DUAL-GATE MOSFETS 

As the figure shows, the gates are comparable to the grids in a multigrid 
VT. Either gate can control conduction independently, naking the dual*gate 
MOSFET ideal for applications involving two separate signals (for example, 
AFG*controlled amplifiers). 

To avoid accidental damage from static electricity, replacement HOSFETs come 
packaged with their leads shorted together with a shorting spring. This 
spring must not be remDved until after the MOSFET is installed ^ A compl ete 
list of handling precautions for MOSFET devices is shown in Figure 9. 



/ /V/y 
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NOTICE 

SPECIAL HANDLING OF MPS DEVICES 

The MOS retal oxide semiconductor devices have a fairly high input resistance 
mektng them subject to damage from charges of static electricity through 
improper handl_ing* The th1.n layer of oxide can be damaged from discharges 
of static eleftricity or improper handling in or out of circuit* The damage 
may be apparent immediately or may show up only after a short operating 
time* To avoid possible damage, the following procedures should !>e followed 
when handling or testing these devices* 

1* The use of synthetic clothing such as nylon should be avoided as this 
will generate static charges* Dry weather (relative humidity less than 
30%) also tends to increase static buildup* 

2* Keep the leads of the device in contact with a conducting material or 
shorted, except when testing, inserting or renioving from the circuit* 

3* A wrist strip with a 1 megohm resistor in series to common ground should 
be worn by the technician when inserting, removing or testing HOS devices* 

4* Do not remove or insert an MOS device with the power to the circuit or 
test instrument "ON*'* ' 

5* do not apply or inject test signals into the circuit when an MOS device 
is used with the circuit power "OFF*'* 

6* Do not turn the circuit power "ON" with an MOS devicip removed from the 
circuit* Charges can build up causing possible damage when the device Is 
replaced in the circuit* 

7* Soldering iron tips, metal bench tops* test equipment and tools should 
be grounded to a common ground along with the chassis of the set being 
serviced* z:^ " ^ 

8* Soldering guns should not bej used in MOS circuits* AC. line leakage from 
the gun tip could cause damage to an MOS device* 

9*^ Oo not apply heat for longer than 10 seconds or closer than 1/16 of an 
inch to any MOS device when soldering* Use of a heat sink is recommendefl 
to prevent damage to the device* 



Figure 9 
MOSFET PRECAUTIONS 
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Some MOSFETs have protection diodes built in» back to back» designeu *:o 
limit transient voltage without causing distortion. Even so» it is 
best to observe all the above precautions when working with any typ: 
of MOSFET equipment* 

Some common FET base diagranis are shown i^^: ;"^ii:rs Vj. 
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Figure 10 
FET CASE DIAGRAMS 

Pin arrangements for FETs are not standardized. For accurate identification 
of leads, a data book should be used. , Signal tracing or signa'l injection 
methods can be used to locate faulty FET stages. Voltage measurements using 
a high impedance voltmeter are recommended. An ohmmeter should not be used, 
Since ohmmeter battery voltages vary widely and may easily exceed maximums 
permitted between FET elements! 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS GiitCK'; IF YOU ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, YOUMAY TAKE THE LISSQN TFST. IF YOU INCORRECTLY 
ANSWER ONLY A FEWOF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN 
RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU FEEL 
THAT Y.OU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON. SELECT AND USE 
ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF APPLICABLE), 
OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR^ -UNTIL YOU CAN ANSWER- 
ALL SELF- TEST ITEMS ON THE PROGRESS CHECK CORRECTLY." 
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PROGRWWED INSTRUCTION 
LESSON 4 



^ield Effect Transistors 



TtST FRAMIS ARE 5, 14, AND 24. PROCEED TO TEST FRAME 5 FIRST AND SEE IF 
YOU CAN ANSWER THC QUESTIONS FOLLOW DIRECTIONS GIVEN AFTER THE TEST FRAME. 



The two-junctiotj. or bipolar, transistor has brought about a revolution 
electronic equipment design. Howevarp as you would expect, there are some 
characteristics of the transistor which are not desirable. One important 
dravrtiack is the low input impedance of the base-emitter junction. This 
low input impedance can cause impedance matching design problems between 
interstage amplifiers. 

During the vacuum tube err, firigh input impedances were available. As the 
transistor became more prominent in electronics^ scientists searched for a 
way to develop a solid state transistor-type device which also would have 
high input impedance. The result of this research is the Field Effect 
Transistor ^ or FET. The FET in all of its variations produces a high input 
impedance. 

The most important feature of the FET is its input impedance. 
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Field effect transistors are avoi^^ble in two iuaior tyytes: 



1* JFcT (junclinn FET) 

Z. HOSFET (nietal-oxide semiconductor KEY) 
Both types are similar to bipolar transistors, with one difference. 
Bipolar transistors use a bias current between the base and emitter in 
order to operate. FETs operate, by using a voltage to control an electro- 
static field within the transistor. Since FETs are solid state devices 
which are voltage c^ntrolled^ they are sometimes called "solid state 
vacuum tubes"* 

Two major types of FETs are the FET and the FET< 



J for junction), HQS (or metal-oxide sertil conductor) 



3jj You are familiar with the three major elements in a bipolar transistor, 
namely "base'\ "emitter", and "collector". As you know, the tnree similar 
elements in a vacuum tube are called *'gr1d"» "cathode" » and ''plate*'* FETs 
also have their three riajor elements called by different names which ore 
''gate'^ "source'^ and "drain"* The names of related elements in vacuum tubes, 
bipolar transistors^ and FETs are shwn in Figure 1. 
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Plate 



Coll ector 



Drain 



Figure 1 

COMPARISON OF ELEMENTS IN AMPLIFIER DEVICES 

The three major elements in a JFET or KOSFET are called 

_t and ' 



^ate^ source, drain (in any order) 



4^ First you will learn about JFETs* The schematic symbol for a type of 
junction FET^ or JFET, 1s compared to the symbols for a two-junction (bipolar) 
transistor and a vacuum tube in Figure 2* 





BIPOLAR 



VACUUy TUBE 



Figure 2 



SYHB(-u^ - JUNCTION FET VS TRANSISTOR/VACUUM TUBE 
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In the figure* you can compare the elements between the three devices. For 
example^ the gate of the JFET compares very closely in operation with the grid 
of the vacuum tube and the base of the transistor* The other elements of the 
OFETj source and dra:n» compare with the emitter/collector and cathode/plate* 
As you would expect^ there are important operational differences between 
similar elements of the three devices. 

The base of a transistor serves a function similar to the of a 



5^ THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE YOUR 
ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE 
QUESTIONS. 

1* FETs operate by using a 

a* bias current between the base and emitter* 
b* voltage to control an electrostatic field* 
C* static charge to control a magnetic field. 

2* Two types of amplifier devices which have a high input impedance are 
the 

a. FET and the bipolar transistor* 

b* vacuum tube and the bipolar transistor, 

c. vacuum tube and the FET. 



JFET* 



gate 
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3. The three major elements of an FET are the 
a* gate» source^ and drain. 

base» emitter, and drain, 
c* grid» anode, and cathode* 
d. grid» source^ and plate. 

4* Which of the following diagrams is the schematic symbol for a JFET? 




Figure 3 

a . a 

b. b 

c* c 
d* d 
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1. b. voltage control an electrostatic field, 

2. c. vacuum tube and the FET. 

3. d. gate, source, and drain, 

4. c. 

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, VOU MAY GO ON TO TEST FRAME 14. 
OTHERWISE GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE BEFORE 
TAKING TEST FRAME 5 AGAIN. 
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Just as there are two types of bipolar transistors (NPN and PNP), there 
are two types of JFETs [N^chanhel and P^channel). The labeled schematic 
diagrams for both types of transistors and FETs are shown in Figure 4. 




NPN TRANSISTOR PNP TRANSISTOR 



DRAIN 




SOURCE ]{-) 
N-CHANNEL jFET 



DRAIN ir.i 



GATE 




SOURCE 



P-CHANNEL IFET 



Figure 4 

COMPARISON OF TRANSISTOR AND JFET 
SCHEMATIC SYMBOLS AND BIAS VOLTAGES 

The pictorial diagram in Figure 5 will help you understaftd how the types of 
JFETs get tlieir names. A clue to the identity of the type is the fact that 
the arrow always points toward the "N" type material. If the arrow points 
away from the material, the material is "P" type. 
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Figure 5 

PICTORIAL DIAGRAM OF N-CHANNEL JFET 

In a FET, a solid bar Of either N-type or P-type material forms the main body 
of the device* Diffused into the sides of the bar are two materials of the 
opposite type which ^orm the "gate*' element* Figure 5 shows a bar madp of 
N-type material* and a gate made of P-type material* The N-type material 
b \ the gate is of smaller cross-section than the rest of the bar, and 
forms a "channel*' between the source and drain* Hence the name N-channel 
JFET* A P-channel JFET would have the bar and gate materials of the opposite 
type from an N-channel JFET* 

In an N-channel JFET, the source and drain are made of a solid bar of 
-type material and the gate is made of ^-type material* 



^ 

17Z 



Thirty Three-4 



Ty The effective/cross-sectional area of the channel is the key to FET 
operation. Now let's apply a voltage across the bar of an N-channel JFET» as 
shown in Figure 6, to see what happens. 



Fi gure 6 

N-CHANNEL JFET OPERATION - ZERO GATE BIAS 

In the figure, 5 volts are applied across the JFET. Note that the gate 
terminal has been tied to ground, or zero fO) volts. This is a zero gate bias 
condition. Current will flow through the bar from source to drain as indicated 
by the arrow. A milliammeter is connected in series with the drain lead and DC 
power to indicate the amount of current flow. Now» a typical bar of material 
has about 500 ohns resistance with zero gate bias. Therefore for a drain 
supply of 5 volts (Vqo)* the milliammeter should read a drain current (Iq) 
of 10 mA. Notice that the voltage and current subscript letters for FETs (for 
example Vqo and Iq) correspond to the elements of the device* just as in 
transistors. 




iom« 
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Current flow through an "N" channel JFET is from to 



source^ drain 



(s?) You have learned that there is a small current flow througln a JFET with 
zero gate bias* Let's apply a small negative voltage to the gate of the JFET 
shown in Figure 7, and see what happens* 



GATE 



OG 



r 



VoD - «V 




DEPLETION REGION 



SOURCE 



Figure 7 

N-CHANNEL JFET OPERATION - REVERSE GATE BIAS 

In the figure, 1 volt (Vgg) is applied between the gate and source. The 
negative voltage on the P-type gate material causes the junction region 
between the P-and N-type materials to become reverse biased. 



Rir 



1 



174 



tMrty Three-4 



Recall from your study of varactor diodes that a reverse tias condition 
causes a depletion region around the PN junction* The same thing happens in 
JFETs. In Figure 7, you can see a depletion region in the channel which is 
void of current carriers. The depletion region has the same effect as reducing 
the cross-sectional area of the bar material. This reduced area increases 
the JFET source-to-dr<3in resistance. 

Applying a reverse bias voltage to the gate of ^ JFET causes the source-to- 
drain resistance of the JFET to (increase/decrease). 



Figure 8 again shows what happens to the current flow in a JFET under 
reverse bias conditions. 



increase 





DRAIN 




DEPLETION REGION 



Figure 8 



N-CHANNEL JFET OPERATION - REVERSE GATE BIAS 
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In the figure, the mi 1 1 lameter shows a 5 mA drain current flow through the 
JFET with a 1 volt reverse bias voltage applied to the gate* Recall that at 
zero gate bias* the current flow was 10 mA and the resistance was 500 ohms* 
Therefore, a 1 volt gate bias has caused the drain Current to drop to 5 mA* 
If you calculated the resistance of the bar for this condition you would find 
that the resistance has doubled to 1000 ohms* 

It is possible to make the depletion region large enough to stop conduction 
through the bar material* The gate voltage required to reduce the drain 
current to zero is called the *'p1nch-off*' voltage* This is comparable to the 
Cut-off voltage in a vacuum tube* 

- The Current flow through an FiT at zero gate bias will drop if a ( forward/ 
reverse ] bias voltage is applied to the gate. 



^llOy You have learned that the operation of a JFET is similar to that of a 
bipolar transistor, even though it is constructed differently* So why use 
JFETs instead of bipolar transistors? The answer is that JFETs have high input 
impedances, whereas bipolar transistors have relatively low input impedances* 



reverse 




17-1 
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Figu:"€ 9 illustrates the neasurenent of input impedance m a JFET. 




Figure 9 
N-CHANNEL JFET INPUT IMPEDANCE 

In the figure^ a mi croammeter has been connected in series with the gate-source 
voltage, Vge. The mi croammeter reads .5 microamps with I volt Vqq. 
Applying Ohm's Law» the input impedance is 2 megohms (I volt +.5uA). In 
contrast, the input impedance of a bipolar transistor would be only about 1000 
ohms or less. The high input impedance of the JFET is due to the reverse 
biased gate-channel junction. 
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t 



JFETs have ( lower/the same/higher ) input impedances that bipolar transistors. 



[n^ You have learned about JETs by studying the operation of the N-Channel 
type. P-channel JFETs are identical in principles of operation to N-channel 
JFETs. The difference between them is that the P and N materials in the solid 
bar and gate are reversed. Thus source voltage potentials must also be reversed. 
Figure 10 shows source voUages and symbols for both K- and P-channel J^ETs. 



hi gher 
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DRAIN 




(+} 



QDRAIN 



GATE 

o— 



lSOURCE 



N-CHANNEL JFET 




AIN 




P-CHANNEL JFET 



Figure 10 

comparison of n and p-channel jfets 
syme(P and bias voltages 
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In tne figure^ notice that the P-channel JFET has a solid bar P-type 
material^ and a gate of N-type material. The arrows in the bar indicate the 
dfreclion of current flow through the materiaU The arrows on the schef:iatic 
symbols point toward the N-type materials just as in bipolar transistors. 

In a P-channel JFET^ the solid bar is made of (P/Nl-type material, and the 
gate is made of ( P/N )-type material . 



12j Figure 11 shows an amplifier circuit, using an N-chiinnel JFE" 



IN 



1 



ci 



R1 



3.3MA 




Figure U 
JFET COMMON-SOURCE' AMPLIFIER 
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circuit IS a basic common-suurre anplifier. Operating characteristics 
:ciLjde ^ hiQh input impedance, and a voltage gain of about 10. This voltage 

S^' c-^nvert? to about 20 dB. 

e function of CGTTinonents is very siniiar to the components in a triode 
<i\i\\:\ tijbe an^pl if ier q\\ nt. In the figure, CI and C3 are the input and 
ip'ji ::oupl ing capacitors, Rl is the gate return resistor* and serves a funct'i 
rWd.r to thet of the grid ^elurn resistor in a vacuum tube circuit. This 
s-stor prevents unwanted charge build-up on the gate by providing ? 
scharge path for CI , 

-C2 provide source self-bias for the JFET, which is similar to the cathode 
If-bi^G in a vacuun^. tvibe circuit. R3 is the drain load resistor. In a 
cuum tube circuit, R3 would be the collector or plate load resistor* 

FiGNre 11, Source self-bias for the JFET is provided by components 
and 



, C? 
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(l3j) Take a look at the input and output signals in the JFET amplifier circuit 
shown again in Figure 12, 



CI 



11^ 



1 




Figure iz 
JFET COMKON-SOURCE AMPLIFIER 

Notice the 180^ phase shi ."t between the input and output signals. This same 
effect happens in r;cf;;rion-emi tter transistor civ^cuitry and in commcn-cathode 
vacuum tube circuits. 



The reason for the phase shift should be easy to jnderstancJ now that you know 
about JFET operation. In the figure^ the circuit uses an N-channel JFET. Now^ 
on the positive alternation of the input signal, the T-type gate material will 
decrease the depletion region in the JFET, This decreases the source-drain 
resistance of the JFET* 'when this resistance decreases, the current through 
the JFET increases^ causing the voltage drop across R3 to increase ^iu^s 
causing the d"^ ^ voltage to decrease. 

The negative alternation of the inp^Jt cycle will reverse the aciion describee 
above. Therefore, the output sic^al is an amplified 180^ out-of-phase vers on 
of the input signal , 
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In a JFET amplifier circuit, the input and output signals are {in-phase/lfeO* 
out-of-phase) 



180" out-of-phase 



(m) this is a test frame, co;. iji the test questions and then compare your 

ANSWERS with the CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE 
QUESTIONS. 



1. Which of the following synibols is the schematic symbol for an N-channel 
JFET? 
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2. In an N-channel JFlT^ the solid bcV' of materia^ between the source and 
drain is nade cT -type materiaK ^^d the gate is nade of 

' -type material • 

3. In an N-channel JFET, the depletion region is largest under conditions 
of 

a. forward gate bias* 

b. reverse gate bias. 

c. :ero gate bias. 

4* A Small negative voltage applied to the gate of an K-channel ^ causes 
the resistance of t^e device to ( i ncrease/decrease ) , and current flotv througfi 
the device to ( increase/decrease ) . 

5. The "pinch off" voltage in a JFET is the gate voUac- ^ed to 
a* decease the depletion region to its sniallest siz-. 
b. overdrive the output from the JFH. 
c forward bias the JFET. 

d. reduce the drain current to zero. 

6* The input impedance of a bipolar transistor is ( 1 arger/Sn^al ler ) than that 
of a JFET. 
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7* The figure below is a common-source amplifier circuit using a JFET* 
Which statement describes the purpose of jnent Rl? 



ci 



IN 



1 




Figure H 



a* Source : " f-bias resi stor 
b» Gate return resistor 
c* Drain load , esistor 



8. The input and output signals in a basic common-source JFET amplifier 
are 

in^phase. 
b, 90"" out-of^phase* 
c* 120° out-of^phdse* 
d* ISC' out-of-phase. 
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1 . a. 

2. ti, P 

3. b. reverse gate bias, 

4. increase^ decrease 

5. d. reduce the drain cu^^ren' to zero. 
5. smaller 

7. b. Gate return resistor 

8, d. ISC'* out-of-phase, 

IF -JR ANSWERS MATCH THE CORRECT ANSWERS, YOU KAY GO TO TEST FRAME 24. 
OTHERWISE, GO BACK TO FRAI^E 5 AND TAKt THE PROGRAMMED SEQUENCE BEFORE TA^ 'NG 

THE TESrT=fiAME 14 AGAIN. 



15^ Earlier in this lesson, you learned tli^t there are two types of FETs — the 



JFET and the MOSFET. The HOSFET devices now will be discussed in the rest of 
this lesson. 

MOSFET stands for *'metal oxide sen)-: conductor field-effect transistor*'- 
MOSFE"''s have an extremely high input impedance which is on tlie order of 10 to 



down preceding circuits. This device also has a high gain factor. The \ jt 
impedancR of MOSFETs is much higher than that of JFETs. HOSFETS commonly are 
used jn JJF/IF amplifiers and mixers, and in many types of test equipment where 
Ingh Input impeci"^nce desired. 

MOSFETs have a ( higher/lower ) i-^rjt impedance than do JFETs. 




100 million megohm?; (iOl3 - lO^^ ohms). Therefore, MOSFETs will not load 



higher^ 
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(^6^ There are two types of MOSFETs: N-channel and P-channeK The labeled 
schematic symbol for each type ts shown tn Figure 15* 




P CHANNEL N CHANNEL 



Figure 15 

METAL OXIDE SEMICONDUCTOR FtTs (MOSFET) 
SCHEMATIC SYMBOLS AND BIAS VOLTAGES 

In the figure^ you can see that the standard MOSFET has four elements^ each 
tied to a separate lead* Three of these elements are the same as in '"ETs* 
They are the "gate, *'source'\ and **drain*'* The fourth element is the substrate" 
and will be discussed in a later frame* The biasing polarities are placed near 
the elements of each device to show the type of voltage (positive or negativ^^) 
needed for operation* As you caii see* the polarities are the same as they are 
for JFETs* 

The four elements of a MOSFET are the _» » 

» and * 



le, source^ drain, substrate (in any order)-^ 



187 



P.I. Thirty Three-4 

(n^ Some of the Important design features of MOSFtTs now will be discussed. 
Figure 15 shows an illustration of the components in a typical N-channel 
HOSFET. 




Figure 16 
N-CHANNEL HOSFET CONSTRUCTION 
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As you can see» MOSFETs are made a little differently than JFETS. Notice that 
in an N-channel MOSFET^ there is a solid bar of N-type material between the 
source and drain. This is called the channel material. This channel material 
is mounted on the substrate material » which is of the P-type in this example. 

In an N-channel MOSFET» the channel material is of the (P/N)-type» and the 
substrate material is of the (P/N)-tyDe- 



N,P 



18J F re 17 repeats the illustration of an N-channe"* MOSFET. 



0 ORA^tN 



OXlOECSiO^) 
INSULATOR 



GATE 



METAL 




SUBSTRATE 



O SOURCE 



Figure 17 
N-CHANNEL MOSFET CONSTRUCTION 

If you look carefully^ you can soe there is i PN junction in the gate circuit. 
A layer of silicon oxide (chemically SiO^) separates the metal gate terminal 
from the N-chann material. Therefore^ the gate is "i electrically 
insulated from the channel and substrate materials- Thi: design feature 
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causes the high input impedance found in MOSFETs* It also has Ljrought about 
another common name for the device> which iz "insulated gate field-effect 
transistor"^ or IGFET* 

In a MOSKETj the' gate terminal is electrically ( connected to/insulated from ) 
the channel material. 



insulated from 

Recall that there are four elements in a MOSFET, and therefore four 
device leads* Figure 18 points out the substrate elements on the schematic 
symbols for N-and P-channel. MOSFETs. 




Figure 18 

MOSFET {OR IGFET) SUBSTRATE TERMINAL 

The substrate element can be used to control the gain characteristics of 
KOSFETs* Current conduction between the i>ubstrat^ ]nd source drain occurs 
if the substrate is biased .ito conduction. However, the substrate lead often 
is simply connected to the source terninal, either internal or external to the 
device 
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If the substrate of a HOSFET is biased into conduction^ it can be used to 
control the { frequency/gain ) of the device. 



gain 

|20) The MuSFETs you have learned about have only one gate^ and are called 
s.ngle-gate MOSFETs, Some MOSFETs have an additional gate^ ^ I are called 
dual-gate MOSFETs* The dual-gate MOSFET operates very much like a multi-grid 
vacuum tube* The labeled schematic symbols for N-and P-channel dual-gate 
MOSFET'Sj and a multi-grid vacuum tube^ are shown in Figure 19* 




6 SOURCE 



Fi9^' e 19 

DUAL-GATE MOSFET '^ULTI-GRID VACUUM TUSE 
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In the figure* notice that the substrate leads in the MOSFETs are connected to 
the source leads* Therefore* dual-gate MOSFETs have four leads --tv/o for the 
"ates* and one each for the source and drain* 

The dual-gate MOSFET is a truly versatile device* Both gates independently 
control conduction of the device. This dual control capability lends itself 
to appl ications where two separate signals must control d^^nce operation. Some 
applications include AGC -control led amplifiers a mixer-oscillator circuits* 

T^'n separate signals can independently control the operation of ( single/dual ) 
gate MOSFETs* 



[21^ One problem with the design of both single-gate and dual-gate MOSFETs is 
that they can be destroye '^ery easily by a discharge of static electricity. 
As you know* static electricity is the charge that causes you wO get a shock 
when you touch grounded objects on a low hunidity (dry) day* To combat this 
problem* MOSFETs are packaged with their leads all shorted together with ^ 
shorting spring (wire). This spring must not b e removed un til the HC^FET is 
soldered or plugged into a circuit * One such spring is showr in J^igur^^ 20. 



dual 
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8H0RTIHG SPRING 



Figure 20 
PROTECTIHG MOSFETS 



Remember; Do not forget to remove the spring or wire once the HOSFET is y 
installed^ or you may short out the supply voltages* There are other special 
precautions that must be observed when working on equipment using HOSFETs* 
Study the special handling information shown in Figure 2K 
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SPECIAL HANDLING OF HQS :OEVICES 

The MOS metal oxide semiconductor devices have a fairly high input resistance 
making them subject to d^age from charge;. 0/ static electricity through 
improper handling. The tl\in la^r of oxide can be damaged from discharges 
of static electricity or imFrrD^er handl'^ng in or out of circuit. The damage 
may be apparent irrmediately or may show up nn'^y after a short operating time. 
To dvcid possible damage* the following procedi;res should be followed when 
handling or testing these devices, 

1- The use of synthetic clothing such as nylon should be avoided as this will 
generate static charges. Dry weather {relative humidity less than 30^0 
also tends to increase static buildup. 

2- Keep the leads of the device in contact with a conducting material or 
shorted* except when testing, inserting or removing from the circuit. 

3. A wrist strap with a I megohm resistor in series to common ground should 
be worn by th^technician when inserting* removing or testing h\^^S devices, 

4- Do not remove or insert an MUS device with the power to the circuit or 
test instrument "ON", 

5- Do jt apply or inject test signals into the circuit when an MOS device is 
used with the circuit power "OFF", 

5- Do not turn the circuit power "ON" with an MS device removed frorr the 
circuit* ^Xharges can build up causing posi:ible damage when the device is 
replaced in the circuit, 

7- Soldering iron tips, metal bench tops » test equipment and tools should be 
grounded to a common ground along with the chassis of tne set beinc^ 
serviced- 

8/ Soldering guns shoulcJ not be used in MOS circuits, AC line leakage \ ro\j\ 
the gun tip could cause damage to an HQS device, 

9- Do not apply heat for longer than 10 seconds or closer than i/16 of an 
inch to any MOS device when soldering. Use of a heat sink is recormiended 
to prevent damage to the oevice. 



Figure 21 
M05FET PRECA'JTIOi^S 



i,9.V 
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You should read this notice carefully to be aware of the necessary measures to 
Observe when repairing HOSFET equipment. 

The Sfifety precautions you must observe when handling HOSFETs help you to 
avoid damage caused by the build-up and discharge of 



static electricity 

^2?) SoDe HOSFETs have built-in gate protection circuits to avoid damage due 
to excessive voltages* Figure 22 shows an example of internal diod^ protection 
circuits placed in the circuit schematics of dual and single-gate HOSFETs. 



PROTECTION 
OlOOES 




Figure 22 
INTERNAL GATE PROTECTION 



195 



p. K Thirty 

The back-to-back diodes across the gate-to-sou'-ce elements are designed to 
limit transient voltages to a safe operating level and yet allow sigrjals to 
be amplified without distortion* 

In Figure 22^ the internal protection circuits are made of back-to-back - 



diodes 

[23) Now for some poi nters about testing and repairing FuT. circuits. You 
already know about the safety precautions* so let's look at pin arrangements 
and troubleshooting tehniques*"' 

The pin arrangements for FETs (both OFETs and MOSFETs) have not been standard 
Tied* To determine which leads are gate^ source* drain or substrate^ ycu miLS 
look up the device by part number in a data book* Examples of typical common' 
base arrangements for OFETs, and both single and dual-gate MOSFETs^ are shown 
in Fi gure 23* 
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Figure 23 
FET BASE DIAGRAMS 
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The location of a faulty FET stage would be found by the signal tracing or 
signal injection methods used in previous lessons* Once a stage is isolated^ 
voltage measurements with a high impedance voltmeter will help determine if 
the stage is defective* Measurement of resistance betw&en elements with an 
ohmmeter is not recommended* Ohmmeter battery voltages have a wide variation, 
and could result in damage to the FET* 

Voltage measurements in FET circuits should be done with a { low/high ) impedance 
.voltmeter* 



^ THIS IS A TEST FRAME* COMPLETE THE TEST QUESTIONS AND THEN COMPARE YOUR 
ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE PAGE FOLLOWING THE QUESTIONS. 

1. Which of the following devices has the highest input impedance? 

a. JFET 

b. HOSFET 

c. Bipolar transistor 



high 
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2. Which MOSFET elernent is ioentified by the arrow in the schematic symbol 
be! ow? 



a* Substrate 

b- Source 

c* Gate 

d. Drain . - 

3. In an N-channel MOSFET^ the gate is attached to the 

a- PN junction, 

b. P-t : material * 

c- N-type material - 

d* sil icon oxide layer. 




Figure 24 



PA. 



Thirty Three-4 



4* k'hich of the synbols below is the schematic symbol for an N-channel 
dual -gate MOSFET? 







Figure 25 



a. a 

b. b 

c. c 

d. d. 



V 



5* The purpose of the shorting ring in MOSFETs is to 

a* shunt the substrate to either the source or gate during operation* 

b. protect the device from static electricity discharge during replacement* 

c* shunt the gates of a dual-gate MOSFET to make it operate like a 

$ingle*g<;te MOSFET/ 
d. change the gain characteristics of the MOSFET* 

6* The pin arrangements of FETs are ( standard! zed/unstandari zed ) * 

7, Wllen troubleshooting a FET» use of a standard ohmmeter is ( recommended / 

not recofnmended) ^ 
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1. b. MOSFET 

2. a. Substrate 

3. d. silicon oxide layer. 

4. a. 

5. - b. protect the device from static electricity discharoe during replacement 

6. undstandardized 

7. not recoimtended 



IF YOUR ANSWERS MftTCH THE CORRECT ANSWERS YOU HAVE COMPLETED THE PROGRAWIED 
INSTRUCTION FOR LESSON 4» MOOULE THIRTY THREE. OTHERWISE GO BACK TO FRAME 15 
ANO TAKE THE PROGRW-IMEO SEQUENCE BEFORE TAKING TEST FRAME 24 AGAIN. 

AT THIS POINT, YOU.Wy TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL SELF- 
TEST ITEMS COI^RECTLY, YOU HAY TAKE THE LESSON TEST. IF YOU INCORRECTLY ANSWER 
ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE WILL REFER 
YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN RESTUOY 
THE PARTS OF THIS LESSON YOU ARE HAVING OIFFICULTY WITH. IF YOU FEEL TKAT 
YOU HAVE FAILEO TO UNOERSTAMO ALL, OR MOST, OF THE LESSON, SELECT AND USE 
ANOTHER WRITTEN MtOIU*-' OF INSTRUCTION, AUOIO/VISUAL MATERIALS (IF APPLICABLE), 
OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN ANSWER ALL 
SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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NARRATIVE 
LESSON 4 

Field Effect Transistors 



Although it ha? brought about a revolution in the design of electronic 
equipment, the bipolar (PNP/NPN) transistor still has one very undesireable 
characteristic* This is the low input impedance associated with its base- 
emitter junction. Lov/ input impedance causes problems in matching impedances 
between interstage amplifiers. 

For years, scientists searched for a solution which would combine the high 
input impedance of the vacuum tubewiththe many other advantages of the 
transistor. The result of this research is the f^eld-ef feet transistor , or 
FET* In (Jfc^ntrast to tfie' bipolar transistor, which uses bias current between 
base and emitter to control conductivity, the FET uses voUage to control an 
electrostatic field within the transistor* Because the FET is voltage- 
controlled much like a vacuum tube, it is sometimes called the "solici 
state vacuum tube" . 



The elements 
with the b 



ts of one type of FET, the j^ction type, or JFET, are compared 
ipolar transistor and the vJtnlun tube in Figure 1* 
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Figure 1 

SYMBOLS - JUNCTION FET VS TRANSISTOR/VAOjUM TUBE 



CATHODE 
VACUUM TUBE 



As the figure shows, the JFET is a three-element device comparable to the 
other two* The JFET's "gate" element corresponds very closely in operation 
to the base of the transistor and the grid of the vacuum tube. The other 
elements of the JFET, "source" and "drain", correspond to the emitter/collector 
and cathode/plate* 
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The construction of a JFET is snown in Figure 2* 
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Figure 2 



PICTORIAL DIAGRAM - JFET 



A solid bar» made either of N-type or P-type material* forms the main body 
of the device* Diffused into each side of this bar are two deposits of 
material of the opposite type^ which form thfe "gate*'* The portion of the 
bar between the deposits of gate materia) is of smaller cross section than 
the rest of the bar and forms a "channel** connecting the sou'"ce and the 
drain* Figure 2 shows a bar of N-type material and a gcte of P-type material* 
Because the material in the channel is N-type» the device is called an 
N-channel JFET/ 

In a P-channel JFET^ the channel is made of P-type material and the gate of 
N-type material/ Schematic symbols for the two types of JFET» compared with 
those of the NPN and PNP bipolar transistor* are shown in Figure 3* 
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symbols and bias voltages-tra.nsistors 
a:;d jflts 




Narrative 



Thirty Three-4 



Like the bipolar transistor types» the two types of JFET differ only in the 
configuration of bias voltages required and in the direction of the arrow 
within the synt^oK Just as it does in transistor symbols^ the arrow in a 
JFET symbol always points towards the N^type material* Thus the symbol of 
the N-channel JFET shows the arrow pointing tf^.*ards the drain/source channel » 
whereas the P^channel syrTi)Ol shows the arrow pointing away^ towards the 
g^te. 

The key to FET operation is the eff^'ctive cross sectional area of the 
channel » wtiich can be controlled by variations in the voltage applied to the 
gate* This is demonstrated in the figures which follow* 

Figure 4 shows how the JfET operates in a zero gate bias condition; 




.A 



Figure 

JFET OPERATION - ZERO GATE BIAS 

Five volts are applied across the JFET so that current flows through the bar 
from source to drain» as indicated by the arrow. The gate temindl is tied 
to ground^ or zero (0) volts* ThisHs a zero gate bias condttion. In this 
condition^ a typical bar represents a resistance of about 500 ohms, A 
mil liammeter^ connected in series with the drain lead and DC power^ indicates 
the amount of current flow» which with a drain supply {Vqq) of 5 volt$ 
givesa d^ain current (Id) reading of 10 mA* The voltage and current 
subscript letters (Vdq^ Iq) used for FETs correspond to the elements of 
the device just as they do for transistors* 
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In Figure 5, a small reverse bias voltage is applied to the gate of 
the JFET. 
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Figure 5 

JFET OPERATION - REVERSE GATE BIAS 



A gate-source voltage {Vqg) - negative volt applied to the P-type gate 
material causes the junction between the P- and N-type material to become 
reverse biased* Just as it did in the varactor diode\ studied in the 
previous lesson, a reverse bias condition causes a "depletion region" to 
fom around the PN junction of the FJET. Because this region has a reduced 
number of current carriers, the effect of reverse biasing is to reduce the 
effective cross sectional area of the "channel". This reduction in area 
increases the source-to-drain resistance of the device and decreases current 
flow.j^ 

By applying a large enough negative voltage to the gate, U is possible to 
make the depletion region so lar^e that conduction of current through the 
bar stops altogether. The voltage required to reduce drain current (Iq) 
to zero is called *'pinch-off" voltage and is comparable to "cut-off" voltage 
in a vacoum tube. In Figure 5, the 1 negative volt applied, although not 
large enough to completely stop conduction, has caused the drain current to 
decrease markedly (from 10 mA under zero gate bias conditions, to 5 mA). 
Calculation shows that the I volt gate bias has also increasedthe resistance 
of the JFET (from 500 ohms to 1 kilohms). In other words, a one volt change 
in gate voltage has doubled the resistance of the device and cut current 
flow in half. 
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These measurements, however, show only that a JFET operates in a manner 
similar to a bipolar transistor^ even though the tv/o are constructed dif- 
ferently. As stated at the beginning of this lesson, the main advantaye f 
a FET is that its input impedance is significantly higher than that of a 
bipolar transistor. The higher input impedance of the JFET under reverse 
gate bias conditions can be seen by connecting a microammeter in series with 
the gate-source voltage (Vqj), as shown in Figure 6* 



kith a Vqg of ! volt, the microammeter reads ,5 microamps. By applying 
Dhm's Law (1 V f .5 >ua), it can be seen that this very small amount of 
current flow results in a very high input impedance, about 2 megohms* By 
contrast, a bipolar transistor in similar circumstances would require higher 
current flow (e.g., .1-1 mA), resulting In a much lower Input impedance, only 
about lODD ohms or less* The higher input impedance of the JFET is possible 
because of the way reverse bias gate voltage effects the cross*sectional 
area of the channel * 
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Figure 6 



JFET INPUT IMPEDANCE 
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The preceeding example of JFET operatiDn uses an N-channel JFET. However^ 
P-channel JFETs operate on identical principles. The differences between the 
two types are shown in Figure 7. 
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P-CHANNEL JFET 
Figure 7 

SYMBOLS S PICTORIAL WITH BIAS VOLTAGES - JFETS 



Because the materials used to make the bar and *he gate are reversed^ source 
voltage potentials must also be reversed. The P-channel JFET therefore 
requires a positive gate voltage in order to be reverse biased, and current 
flows thrDugh it from drain to source. 
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Figure 8 shows a basic common-source amplifier circuit containing an N-chan- 
nel JFET. 
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Figure 8 
PET COMMON SOURCE AMPLIFIER 



The characte 
voltage gatn 
is very si mi 
circuit. CI 
gate return 
vf^cuum tube 
providi ng a 
the JFET» wh 
resistor* wh 



ristics of this circuit include high input impedance and a 

of about 10 (20 dB)* The function of circuit components here 
lar to those in a triode vacuum tube conmon-cathode amplifier 
and C3 are the input and output coupling Capacitors* Rl is the 
resistor and functions much like the grid return resistor in a 
circuit* It prevents unwanted charge build-up on the gate by 
discharge path for CI* R2 and C2 provide source self-bias for 
ich operates like cathode seTf^bias* R3 is the drain load 
ich acts like the plate or collectdr-l^^ad resistor* 



The phase shift of 180^ between input and output signals is the same as that 
of common-cathode' vacuum tube circuits (and common-emitter transistor 
circuits)* The reason for the phase shift can be seeneasily by observing 
the N-channll JFET's operation* On the positive alternation of the input 
signal, the amount of reverse bias on the P-type gate material is reduced* 
thus increasing the effective Cross-sectional area of the channel and 
decreasing source-to-drain resistance** When resistance decreases, current 
flow through the JFET increases* causing the voltage drop across R3 to 
increase, which in turn causes the drain voltage to decrease* On the 
negative alternation of the cycle, the amount of reverse bias on the gate of 
the JFET is increased arTd th€ action of the circuit is reversed* The^result 
is an output signal which is an amplified and 180** out*of-phase version of 
the input signal * 
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A second type of field-effect transistor has been introduced in recent years 
which has some advantages over even the JFET^ This newest device is the 
"metal oxide semiconductor field-effect transistor/* or HOSFET. HOSFETs have 
even higher input impedances than JFETs* on the order of 10 to 100 m'^llion 
megohms (10^3. iq^^ ohms)* Therefore^ they are eventless of a load on preceding 
circuits* Their extrenely high input impedance, combined with a high gam 
factor, makes them highly efficient input devices in HF/IF amplifiers 
and mixers and In many types of test equipment* 

Figure 9 shows schematic symbols for the two types of MOSFETS. 
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Figure 9 

l€TAL OXIDE SEMICONDUCTOR FET's fMOSFET) 

HOSFETs, like JFETs» are of either the P-channel or the N-channel type. 
Each type has four elements, "gate," "source" and "drain" like the JFET, and 
one addtional element, "substrate/' which will be discussed later* The 
biasing polarities shown for the elements are the same as those of corresponding 
P-channel and N-channel JFETs* 

The construction of an N-channel MOSFET is shown in Figure 10. 
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KOSFETs consist of a solid bar of either N-type or P-type material, called 
the channel material, vihich connects the source and drain terminals* This 
channel material is joined to the substrate, a layer of material of the 
opposite type* In the N-channel MOSFET shown in Figure 10, the channel 
naterial is K-type and the substrate material is P-type* Ju^t as in transistor 
and OFET symbols^ in schematic symbols for MOSFETs the arrow points towards 
tne N-type material * 

A ?k junction exists between the channel material and the opposite-type 
substrate material, and current conduction between the two can occur provided 
the substrate is biased into conduction* Biasing the substate element in 
this way permits control of the MOSFTT's gain characteristics* Often, 
however, the substrate terminal is simply connected to the source terminal, 
either internally or externally, and the biasing capability is not used* 

On the gate side of the MOSFET, no PN junction if formed* Instead, a la>er 
of siWcon oxide (Si02) separates the N-channel material from the metal 
gate terminal* This layer totally insulates the gate electrically from the 
N-channel and results in the extremely high input impedance of the MOSFET* 
It also gives rise to another common name for the device: "insulated gate 
field-effect transistor," or IGFET* 

The MOSFETs discussed up to this point have been single-gate MOSFETs* 
Another type of MOSFET, the dual-gate type, is shown in- Figure II* 
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DUAL-GATE MOSFETS 
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As the figure shows, the gates in a dual-gate MOSFET can be compared to the 
grids in a nuUi-grid vacuum tube. Because the substrate has been connected 
directly to the source terminal, the dual-gate MOSFET still has- only four 
leads: one each for source and drain, and two for the gates* Either gate 
can control conduction independently, making this type of MOSFET a truly 
versatile device. Its dual control capability lends itself to applications 
where tv/o separate signals must control device operation, such as AGC-ccntrol- 
led amplifiers and mixer-oscillator circuits. 

One problem with both single- and dual-gate MOSFETs is that the^oxide layer 
between gate and channel can be destroyed very easily by ordinary static 
electricity, like that v^hich causes a shock when grounded objects are 
touched on a dry day. To avoid accidental damage, replacement MOSFETs cone 
packaged with their leads shorted together by a special wire loop or spring* 
The rule to remember with these shorting springs is that they must not be 
removed until after the MOSFET has been soldered or plugged intp^a circuit * 
One Such spring is shovm in Figure 12. 
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PROTECTING MOSFETS 
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Once the MOSFET has^ been installed* it is Important to remember to remove 
the shorting ring in order to avoid shorting out supply voltages* A complete 
list of the special precautions that must be taken when handling MOSFETs is 
shown in Figure 13* 

NOTICE C 

SPECIAL HANDLING OF HOS DEVICES 

The Hps metal oxide semiconductor devices have a fairly high input resistance 
making them subject to damage from charges of static electricity through improper 
handling* The thin layer of oxide can be damaged from discharges of static 
electricity or improper handling in or out of circuit* The damage may be apparent 
immediately or inay show up only after a short operating time* To avoid possible 
damage* the following procedures should be followed when handling or testing 
these devices* 

1* The use of synthetic clothing such as nylon should be avoided as this 

will generate static charges* Dry weather (relative humidity less than 30%) 
also tends to increase static buildup* 

2* Keep the leads of the device in contact with a conducting materi^al or shorted* 
except when testing* inserting or removing from the circuit* 

3* A wrist strap with a megohm resistor in series to common ground should 
be worn by the technician when Inserting* removing or testing MOS devices* 

4* Do not remove or insert an MOS device with the power to the circuit or test 
instrument "ON" 

5* Do not apply or inject test signals into the circuit when an MOS device is 
used with the circuit power "OFF"* 

6* Do not turn the circuit power "ON" with an MOS device removed from the 
circuit* Charges can build up causing^possible damage when the device is 
replaced in the circuit* , 

7* Soldering iron tips* metal bench tops, test equipment and tools should be 
grounded to a common ground along with the chassis of the set being serviced* 

8* Soldering guns should not be used in MOS circuits, AC line leakage from the * 
gun tip could cause damage to an MOS device* 

9* Do not apply heat for longer than 10 seconds or closer than 1/16 of an inch 
to any MOS device when soldering* Use of a heat sink is recommended to 
prevent damage to the advice* 



Figure 13. 
MOSFET PRECAUTIONS 
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Read this notice carefully and be aware of the necessary measures to observe 
v/hen repairing KOSFET equipment. 

Some HDSFETs have built-in devices to protect against excessive voltage. 
Figure 14 shows how protective diodes can be placed in dual-and single-qate 
MOSFETs. 
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Figure 14 
INTERNAL GATE PROTECTION 

The back-to-back diodes shown in the figure are designed to limit transient 
voltages to a safe operating level, wtiHe still allowing signals to be 
amplified without distortion* Although protection diodes work well, it is 
best to observe the same precautions when working with any type of MOSFET 
equipment* 

Although handling precautions are very Important, there are a couple of other 
important points to remember when testing and repairing FET circuits- These 
are in the areas of pin arrangements and fault location techniques* 
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Once the MOSFET jias been installed, it is important to remember to remove 
the shorting ring in order to avoid shorting out supply voltages* A complete 
list of the special precautions that must be taken when handling MOSFETs is 
shown in Figure 13* 



The MOS metal oxide semiconductor devices have a fairly high input resistance 
making them subject to damage from charges of static electricity through improper 
handling* The thin layer of oxide can be damaged from discharges of static 
electricity or improper handling in or out of circuit* *The' damage may be apparent 
ifTunediately or may show up only after a short operating time* To avoid possible 
damage, the following procedures should be followed when handling or testing 
these devices* 

1* The use of synthetic clothing such as nylon should be avoided as this 

will generate static charges* Dry weather (relative humidity less than 30^) 
also tends to increase static buildup* 

2. Keep the leads of the device in contact with a conducting material or shorted, 
except when testing, inserting or removing from the circuit* 

3. A wrist strap with a megohm resistor in series to common ground should 

be worn by the technician when inserting, removing or testing MOS devices. 

4* Do not remove or insert an MOS device with the power to the circuit or test 
instrument ''ON" 

5* Do not apply or inject test signals into the circuit when an MOS device is 
used with the circuit power "OFF''* 



6. Do not turn the circuit power "ON" with an MOS device removed from the 
circuit* Charges can build up causing possible damage when the device is 
replaced in the circuit. 

7* Sol'dering iron tips, metal bench tops, test equipment and tools should be 
grounded to a common ground along with the chassis of the set being serviced* 

8* Soldering guns should not be used in MOS circuits, AC line leakage from the 
gun tip could cause damage to an MOS device* 

9* Do not apply heat for longer t'lan 10 seconds or closer than 1/16 of an inch 
to any MOS device when soldering^ Use of a heat sink is recommended to 
prevent damage to the advice* 
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Read this notice carefully and be aware of the necessary measures to observe 
when repairing HOSFET equipment. 

Sone HOSFETs have built-in devices to protect against excessive voltage. 
Figure 14 shows how protective diodes can be placed in dual-and single-qate 
.^OSFETs. 
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Figure 14 
INTERNAL GATE PROTECTION 



The back*to-back diodes shown in the figure are designRri to linit transient 
voltages to a safe operating, level » while still aK^wing signals to be 
amplified without distortion. Although protection diodes work well, it is 
best observe the same precautions when working with any -type of ■'OSFET 
equipment. 

Although handling precautions are very important^ there are a couple of other 
important points to remember when testing and repairing FET circuits. These 
are in the areas of pin arrangements and fault location techniques* 
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Pin arrangements for FETs (JFETs and MOSFETs) have not been standardized* 
Therefore, to determine which lead is the gate, source, drain, or substrate, 
a data book must be referred to. Devices are indexed in the data book 
according to part number* Figure 15 showt what the bases of some common 
FETs look like. 
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Figure 15 ' 
FET BASE DIAGRAMS 



Faulty FET stages can be located using the signal tracing or signal injection 
methods introduced in earlier lessons. Dnce a stage is isolated, voltage 
measiretnents will help to determine if the stage is defective. A high 
impedance voltmeter should be used. Measurement of resistance between FET 
elements with arriohmmeter is not recommended.- This is because ohrmeter 
battery voltages' vary widely and may easily exceed the maximum voltage 
permitted between elements of the FET. 

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL 
SELF-TEST ITEMS CORRECTLY, YOU MAY TAKE THE LESSOfJ TEST. IF YOU INCORRECTLY 
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE 
WILL REFW YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU 
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU 
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT 
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF 
APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU 
CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY. 
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